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PREFACE 

This Memorandum eva lua te s  r a d i a t i o n  gauging as a method f o r  

measuring t h e  d e n s i t y  p r o f i l e  of the  Mar t ian  atmosphere,  u s ing  a n  

unmanned probe .  

parameters of  t h e  Mart ian atmosphere. 

experiments  and in s t rumen ta t ion  a r e  e s t a b l i s h e d .  

sugges t s  a r e a s  of  development t o  a s s i s t  t hose  concerned wi th  r a d i a t i o n  

ins t rumenta t  ion  s u i t a b l e  f o r  ob ta in ing  d a t a  necessa ry  f o r  a manned 

landing  v e h i c l e .  

Underlying t h e  eva lua t ion  is a d e l i n e a t i o n  of t h e  

From t h i s ,  d e s i g n  l i m i t s  f o r  

The r e p o r t  a l s o  

This  Memorandum i s  one of two t h a t  suppor t  a more gene ra l  s tudy  

of measurement of t h e  Mart ian environment,  RM-4437 -NASA, Mars Environ- 

mental  Measurements i n  Support of  Fu tu re  Manned Landing Exped i t ions ,  

by W .  H .  Krase, A p r i l  1965. The o the r  i s  RM-4451-NASA, Ins t rumen ta t ion  

To Measure Mars ' Atmospheric Composition, Using a S o f t  -landed Probe,  by 

R .  A .  Woods and J. W. R a n f t l ,  Apr i l  1965. 

A l l  t h r e e  Memoranda con t r ibu te  t o  t h e  Apollo Contingency Planning 

Study undertaken by The RAND Corporat ion f o r  Headquar te rs ,  Nat ional  

Aeronaut ics  and Space Adminis t ra t ion ,  under Contract  NASr-21(09). 

The a u t h o r  of t h e  p re sen t  Memorandum i s  a consu l t an t  t o  t h e  

System Opera t  ions  Department of  The RAND Corpora t ion .  
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SUMMARY 

Th i s  s tudy  e v a l u a t e s  r a d i a t i o n  gauging methods f o r  use  i n  a n  

unmanned probe t o  mnasure t h e  dens i ty  of  t h e  Mar t ian  atmosphere du r ing  

e n t r y .  The problem i s  one of making a c c u r a t e  measurements, most l i k e l y  

under h igh  speed f l i g h t  cond i t ions ,  i n  an  environment about  w5ich 

l i t t l e  i s  known, and wi th  l i m i t e d  r e spons ive  communications t o  e a r t h  

because of t h e  g r e a t  d i s t a n c e  involved.  Because of  t h e s e  s t i p u l a t i o n s ,  

i n s t rumen ta t ion  f o r  t h e  Mar t ian  f l i g h t  must be ex t remely  r e l i a b l e  and 

capab le  of func t ion ing  over  a wide range of environmental  and ambient 

c o n d i t i o n s .  

C e r t a i n  conclus ions  have been made on t h e  b a s i s  of t h i s  s tudy:  

1. Except f o r  t h e  remoteness of  t h e  l o c a t i o n  and unknown f a c t o r s  

i n  composi t ion,  t h e  Mar t ian  atmosphere p r e s e n t s  a gauging problem 

q u i t e  similar t o  t h a t  o f  gauging t h e  d e n s i t y  o f  t h e  t e r r e s t r i a l  atmos- 

phere  from a r a p i d l y  moving v e h i c l e .  

2 .  O f  t h e  s e v e r a l  techniques a v a i l a b l e ,  X-ray b a c k s c a t t e r i n g  w i t h  

an  e l e c t r i c a l l y  genera ted ,  con t inuous ly  o p e r a t i n g  source  of  r a d i a t i o n  

appears  t o  be t h e  most promising method f o r  gauging atmospheric  d e n s i t y  

i n  the  range of 10 t o  grn/cm . This  range ex tends  from those  
- 8  3 

d e n s i t i e s  t h a t  a r e  s i g n i f i c a n t  i n  e n t r y  e f f e c t s  ( t h e  lesser  va lue)  t o  

t h e  e s t ima ted  nea r - su r face  d e n s i t y  of  Mars ( t h e  g r e a t e r  v a l u e ) .  The 

use  of a n  e l e c t r o n  beam, gene ra t ing  s o f t  X-rays (bremss t rah lung) ,  i s  

suggested as an a u x i l i a r y  technique f o r  gauging i n  t h e  range  of 

3 3 t o  gm/cm , with  a poss ib l e  ex tens ion  t o  gm/cm to 

over l ap  the  X-ray range.  OUA 
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3 .  C e r t a i n  estimates can be made f o r  t h e  i n s t r u m e n t a t i o n  

package : 

weight ........................ 15 t o  20 l b  
volume ........................ 400 cubic  inches  
power ......................... 100 w a t t s  
d a t a  r a t e  . . . . . . . . . . . . . . . . . . . . .  20 b i t s  p e r  de t e rmina t ion ;  

one de te rmina t ion  p e r  second 

Incorpora t ing  t h e  e l e c t r o n  beam source  t o  f u n c t i o n  i n  t h e  range of 

gm/cm3 would add t o  t h e  package approximately 2 t o  5 t o  

lb  i n  weight , 100 cubic  inches i n  volume, and 10 w a t t s  i n  power. 

4 .  Gauging accuracy w i l l  be inf luenced  by t h e  s e l e c t i o n  of t h e  

f l i g h t  mode because of t h e  e f f e c t  t h a t  v e r t i c a l  v e l o c i t y  has  on t h e  

change of d e n s i t y  dur ing  t h e  sampling and measurement p e r i o d .  The 

d e t a i l s  of instrument  d e s i g n  w i l l  a l s o  a f f e c t  t h e  accuracy  because of 

t h e  in f luence  on t h e  s t r e n g t h  of t h e  response s i g n a l .  T e n t a t i v e l y ,  

a c c u r a c i e s  on t h e  o rde r  of 5 t o  20 p e r  c e n t ,  depending on t h e  d e n s i t y  

range , appear f e a s i b  l e  . 
5 .  Continued work on t e r r e s t r i a l  atmospheric  d e n s i t y  gauging 

should c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  Mar t ian  e f f o r t .  It is  important  , 

however, t h a t  a d d i t i o n a l  programs d i r e c t l y  o r i e n t e d  t o  t h e  Mars mission 

be i n i t i a t e d .  This Memorandum sugges t s  a r e a s  f o r  f u t u r e  r e s e a r c h  and 

development. These inc lude  t h e  f u r t h e r  s tudy  of pu lsed  t echn iques  and 

t h e  i n v e s t i g a t i o n  of X-ray emission spec t roscopy f o r  a p o s s i b l e  s imul-  

taneous de te rmina t ion  of d e n s i t y  and composi t ion.  
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I. INTRODUCTION 

An important  p r e r e q u i s i t e  f o r  s p a c e c r a f t  d e s i g n  and r e e n t r y  

p lanning  f o r  t e r res t r ia l  f l i g h t s  i s  a n  a c c u r a t e  knowledge of  a tmospheric  

d e n s i t y .  A s imi l a r  knowledge of the Mart ian atmosphere i s  necessa ry  

f o r  e f f e c t i v e  Mars f l i g h t  regimes,  whether t h e s e  f l i g h t s  w i l l  i nc lude  

a c t u a l  landing ,  low-level  o r b i t i n g ,  o r  f ly-by i n  t h e  atmosphere.  How- 

ever, de t e rmina t ion  of t h e  Mart ian atmospheric  d e n s i t y  through e a r l y  

probes n e c e s s i t a t e s  making accu ra t e  measurements under cond i t ions  of 

high-speed f l i g h t  i n  an  environment about which l i t t l e  is  known. 

C e r t a i n  estimates of s u r f a c e  p re s su re  and atmospheric  tempera ture  and 

d e n s i t y  p r o f i l e s  have been made f o r  Mars, but  t h e  va lues  va ry  t o o  

g r e a t l y  f o r  a c c u r a t e  f l i g h t  p lanning .  
-L 

The problem of d e n s i t y  measurement i s  f u r t h e r  complicated by t h e  

f a c t  t h a t  t h e  g rea t  d i s t a n c e  t o  Mars l i m i t s  r espons ive  communication 

t o  e a r t h  i n  making such de te rmina t ions .  Because of t h e  cond i t ions  

imposed, i n s t rumen ta t ion  f o r  t h e  Mart ian f l i g h t  must  be extremely 

r e l i a b l e  over  a long per iod  of t i m e  and be a b l e  t o  f u n c t i o n  over  a 

wide range of environmental  and ambient c o n d i t i o n s .  S ince  t h e  range 

of probable  va lues  i s  l a r g e ,  t h e  measurement range of t h e  equipment must 

a l s o  be  e x t e n s i v e .  

Radia t ion  gauging is one method o f  a tmospheric  d e n s i t y  measurement 

t h a t  meets t h e s e  requirements  and can be used f o r  e a r l y  unmanned p robes ,  

e i t h e r  hard  o r  s o f t  l anding .  It i s  based on t h e  p r i n c i p l e  t h a t  t h e  

-7- 

"The s u r f a c e  p re s su re  of 85 mb (Ref .  1) t h a t  was formerly accepted 
a s  a c c u r a t e  i s  now he ld  t o  be  too h i g h .  S c h i l l i n g  (Ref .  2 )  proposed a 
range of p o s s i b l e  v a l u e s ,  i n d i c a t i n g  t h a t  a cons ide rab ly  lower s u r f a c e  
p re s su re  might be found. Subsequent ly ,  on t h e  b a s i s  of a new measure- 
ment , Kaplan e t  a l .  (Ref .  3 )  have c a l c u l a t e d  a s u r f a c e  p r e s s u r e  of 
25 -I- 15 mb. 
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atmosphere w i l l  c ause  s c a t t e r i n g  and a b s o r p t i o n  of r a d i a t i o n ;  t he  m x e  

dense the a t m x p h e r e ,  t h e  g r e a t e r  w i l l  be the  e f f e c t .  The aerodynamic 

a p p l i c a t i o n  of r a d i a t i o n  gauging was f i r s t  i n v e s t i g a t e d  i n  1944 a t  

Peenemunde. ( 4 )  

r e l i e d  upon f i l m  a s  t h e  X-ray d e t e c t o r .  Such a method of d e t e c t i o n ,  

however, l i m i t s  t he  speed,  accuracy ,  and r e s o l u t i o n  of t h e  de t e rmina t ions .  

F u r t h e r  progress  was made i n  a l a t e r  a p p l i c a t i o n ,  r epor t ed  i n  1952 by 

Dimeff e t  a l . ,  (5)  t h a t  i nco rpora t ed  e l e c t r o n i c  measurement of  X-ray 

beam i n t e n s i t i e s .  Th i s  work involved t h e  in s t rumen ta t ion  of a 10 by 

14 i n .  wind tunnel  and was s i g n i f i c a n t  f o r  i t s  use  of  very  small  beams 

of low energy X-rays.  Beams a few thousandths  of an  inch i n  d iameter  

gave a high r e s o l u t i o n  i n  the  de t e rmina t ion  of d e n s i t y  g r a d i e n t s  normal 

t o  the  beam d i r e c t i o n .  Recent i n v e s t i g a t i o n s ,  more d i r e c t l y  r e l a t e d  

t o  use i n  Mart ian probes,  have u t i l i z e d  r a d i a t i o n  s c a t t e r i n g  measure- 

ments t h a t  do not  r e q u i r e  i n - l i n e  geometry and a r e  acco rd ing ly  b e t t e r  

s u i t e d  for  ope ra t ion  i n  r a p i d l y  moving v e h i c l e s .  

Th i s  e a r l y  work u t i l i z e d  t r ansmiss ion  a t t e n u a t i o n  and 

Based on a survey of o t h e r  p o s s i b l e  d e n s i t y  gauging methods, 

r a d i a t i o n  gauging appears  t o  be o u t s t a n d i n g  f o r  a p p l i c a t i o n  d u r i n g  h igh-  

speed e n t r y  i n t o  p l a n e t a r y  atmospheres .  It can  be made t o  f u n c t i o n  

i n  the presence of shock Layer e f f e c t s ,  gauging ambient d e n s i t i e s  

r e l a t i v e l y  independent ly  of d e n s i t y  i n c r e a s e s  caused by t h e  v e h i c l e .  

Add i t iona l ly ,  the  d e n s i t y  de t e rmina t ion  i s  n o t  a f f e c t e d  by e i t h e r  

v e r t i c a l  or h o r i z o n t a l  a i r  movement. Other  methods o f  measuring d e n s i t y  

by d i r e c t  sampling do not  seem a s  f e a s i b l e  as t h e  r a d i a t i o n  method 

-1. 

9; 
Reference 6 d i s c u s s e s  some o t h e r  p o s s i b l e  methods. 
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because of  t h e  u n c e r t a i n  but  h igh  v a r i a t i o n s  of  d e n s i t y  around t h e  

v e h i c l e  and because of p o s s i b l e  spur ious  e f f e c t s  t h a t  could r e s u l t  

from a b l a t i o n  and h e a t  t r a n s f e r .  

A method of deducing d e n s i t y  from v e h i c l e  d rag  measurements has 

a l s o  been proposed and has  received cons ide rab le  a t t e n t i o n .  A f u l l  

d i s c u s s i o n  o f  t h i s  method is  not w i t h i n  t h e  scope of t h i s  s t u d y ,  which 

no te s  only  t h a t  such d rag  deduct ions have t h e  fo l lowing  l i m i t a t i o n s :  

(1) they  are  not  l i k e l y  t o  be accu ra t e  a t  e i t h e r  h igh  o r  low a l t i t u d e s  

where t h e  d e c e l e r a t i o n  i s  s m a l l ,  (2)  t hey  a r e ,  f o r  most probable  body 

shapes ,  dependent upon t h e  a t t i t u d e  of t h e  v e h i c l e ,  and ( 3 )  t h e y  r e q u i r e  

a s u b s t a n t i a l  amount of a u x i l i a r y  d a t a  f o r  t h e i r  i n t e r p r e t a t i o n .  How- 

e v e r ,  because t h e  drag  method does not  r e q u i r e  much a d d i t i o n a l  i n s t r u -  

mentat ion and s i n c e  t h i s  method permi ts  redundancy of measurement i n  a 

c e r t a i n  a l t i t u d e  range ,  d e n s i t y  deductions based on d e c e l e r a t i o n  

measurements can be used i n  a Mars probe i n  a d d i t i o n  t o  t h e  r a d i a t i o n  

methods d iscussed  i n  t h i s  s t u d y .  

This  Memorandum w i l l  p resent  a n  a n a l y s i s  o f  how t h e  r a d i a t i o n  

gauging method can be  appl ied  i n  r e l a t i o n  t o  t h e  v a r i a b l e s  i n  t h e  

Mar t ian  atmosphere.  This s tudy  w i l l  a l s o  d e f i n e  s u i t a b l e  techniques  

and suggest  f u t u r e  areas of development. 
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11. THE MARTIAN ATMOSPHERE 

I n  o r d e r  t o  cons ider  t h e  a p p l i c a t i o n  of r a d i a t i o n  d e n s i t y  

gauging, i t  is necessary  t o  e s t a b l i s h  ranges of t h e  va lues  t h a t  a r e  

l i k e l y  t o  be encountered .  The d e n s i t y  va lues  a r e  o f  i n t e r e s t  i n  

cons ider ing  t h e  s t r e n g t h  of response s i g n a l s .  

d e n s i t y  i s  important  i n  e s t a b l i s h i n g  sampling p e r i o d s ,  p a r t i c u l a r l y  

i n  t h e  case of high-speed f l i g h t .  Composition ranges are important  

because of  t h e i r  p o s s i b l e  e f f e c t  on s c a t t e r i n g  response .  

The r a t e  of change of 

DENSITY RANGE 

-8 3 The d e n s i t y  range g r e a t e r  t han  10 gm/cm is  of g r e a t e s t  

i n t e r e s t  , s i n c e  it i s  i n  t h a t  range t h a t  r e e n t r y  h e a t i n g  and aerodynamic 

e f f e c t s  become marked. However, i n  o r d e r  t o  ge t  as complete a p r o f i l e  

a s  poss ib l e  of t h e  Mart ian atmosphere,  i t  i s  d e s i r a b l e  t o  cons ide r  

measuring d e n s i t i e s  a s  low a s  10 gm/cm . -12 3 

I n  F i g .  1, va r ious  models of t h e  Mar t ian  atmosphere have been 

p l o t t e d .  The models a r e  named accord ing  t o  t h e  va lue  f o r  s u r f a c e  

p re s su re  , e .  g .  , t h e  20 mb model corresponds t o  a s u r f a c e  p r e s s u r e  

of 20 m i l l i b a r s .  The e a r t h ' s  atmosphere i s  included a s  a r e f e r e n c e  

l i n e .  Numerical va lues  and t h e i r  d e r i v a t i o n s  a r e  g iven  i n  Appendix 

A .  A l l .  models i n d i c a t e  a s u r f a c e  p r e s s u r e  cons ide rab ly  lower t h a n  

t h a t  of the e a r t h ,  but  w i th  l e s s e r  rates of  change as a f u n c t i o n  of 

a l t i t u d e .  It i s  expected t h a t  t he  Mar t ian  atmosphere w i l l  equa l  and 

exceed t h e  d e n s i t y  of t h e  e a r t h ' s  atmosphere a t  corresponding h i g h e r  

a l t i t u d e s .  However, t h e  o v e r a l l  range of  va lues  t o  be cons idered  

is  q u i t e  s i m i l a r  t o  t h a t  encountered i n  measuring t e r r e s t r i a l  v a l u e s ,  
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and consequently informat ion  gained from f l i g h t s  i n  t h e  e a r t h ' s  

atmosphere should provide a v a l i d  b a s i s  f o r  des igning  Mar t ian  probe 

ins t rumenta t ion .  

RATE OF CHANGE OF DENSITY W I T H  ALTITUDE 

For t h e  purpose of e s t a b l i s h i n g  r a t e  of change t o  t h e  degree  of 

accuracy requi red  f o r  t h e  p re sen t  a n a l y s i s ,  d e n s i t y  can be expressed 

a s  a func t ion  of a l t i t u d e  by t h e  r e l a t i o n  

-Z /H 
P z  = PoexP 

i n  which 

3 
p Z  = d e n s i t y  a t  a l t i t u d e  Z (gm/cm ) 

= d e n s i t y  a t  t h e  s u r f a c e  (gm/cm 3 ) 

H = s c a l e  he igh t  ( thousands of f t )  

Z = geometr ic  a l t i t u d e  ( thousands of f t )  

The r a t i o  of d e n s i t i e s  a t  two d i f f e r e n t  a l t i t u d e s  can be expressed 

a s  

o r  

For a more d e t a i l e d  d i s c u s s i o n  of a tmospheric  parameters  t h e  

r eade r  i s  r e f e r r e d  t o  e a r l i e r  r e p o r t s  by S c h i l l i n g .  ( 2 ,  7)  
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Examining F ig .  1, note  t h a t  the  d e n s i t y  approximately fo l lows  

such exponent ia l  r e l a t i o n s h i p s  i n  the  range of 100,000 t o  500,000 f t  

f o r  t h e  10, 20, and 85 mb models. A t  lower a l t i t u d e s  a l s o  (0 t o  

60,000 f t  and 60,000 t o  100,000 f t )  t h e  change can be approximated 

a s  exponent ia l  func t ions  between the  corresponding p o i n t s .  The upper 

l i m i t ,  133 mb model can be considered as a s i n g l e  exponent ia l  f u n c t i o n  

i n  t h e  f u l l  range.  

purpose of e s t a b l i s h i n g  ranges of r a t e  of change of d e n s i t y  a s  a 

f u n c t i o n  of a l t i t u d e .  

These approximations are adequate f o r  t h e  p re sen t  

By use of d a t a  i n  Appendix A ,  t h e  fo l luwing  va lues  have been 

c a l c u l a t e d .  

Table 1 

MARTIAN ATMOSPHERIC DENSITY CONSTANTS 

H 
Sca le  Height 

3 
A l t i t u d e  Range 

Atmosphere (thousands of f t )  (grn/cm ) (thousands of f t )  

10 mb 100-500 4.78 x 10:; 29.5 
60 -100 4.19 x 31.3 
0 -60 1.82 x 55.6 

20 mb 100-500 9.56 x 29.5 
60 - 100 8.37 x lom5 31.3 
0 -60 3.63 x 55.6 

85 mb 100-500 2.39 x 42.7 
60 -100 1.52 x lom4 55.6 
0-60 1.19 x 71.4 

133 mb 0-500 1.49 x 10 68 .O 

The l i m i t s  of percentage  change i n  d e n s i t y  encountered by a 

descending probe as a f u n c t i o n  of d i s t a n c e  t r a v e l e d  i s  e a s i l y  determined 

by t h e  use of equa t ion  (2) and the  c o n s t a n t s  contained i n  t h e  above 

t a b l e .  
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I n  descending from a l t i t u d e  Z t o  a l t i t u d e  Z t h e  d e n s i t y  1 2'  

i n c r e a s e s  from p1 t o  p 2 .  The percentage  i n c r e a s e  can be  expressed as 

P = l o o ( - - )  p 2 - p 1  = loor<  - 1) 

S u b s t i t u t i n g  from equa t ion  (2)  

(3 ) 
AZ /H 

P = 100 (exp - 1) 

The percentage change has  been c a l c u l a t e d  f o r  t h e  v a r i o u s  models 

of t h e  Mart ian atmosphere and i s  summarized i n  F i g .  2 .  It is  ev iden t  

t h a t  t h e  low p res su re  or lower l i m i t  models produce t h e  g r e a t e s t  

change i n  d e n s i t y  as a f u n c t i o n  of a l t i t u d e .  Thus d e n s i t y  gauging 

appa ra tus  should be designed f o r  t h e  h i g h e r  change ra te .  

Figure 3 i l l u s t r a t e s  t h e  p o s s i b l e  v a r i a t i o n s  f o r  a g iven  v e r t i c a l  

d i s t a n c e  t r a v e l e d .  A s  an example, i n  a descen t  of  5000 f t ,  t h e  

atmosphere might i n c r e a s e  18 p e r  cent  i n  d e n s i t y  f o r  t h e  lower l i m i t  

model and a t  l e a s t  7 pe r  cent  f o r  t h e  upper l i m i t  model. 

Another a p p l i c a t i o n  of  t h e  d e n s i t y  change d a t a  i s  i l l u s t r a t e d  i n  

F ig .  4 .  I f  t h e  measurement i s  t o  be made du r ing  a t i m e  when t h e  change 

i s  not g r e a t e r  t han  25 p e r  c e n t ,  t h e  v e r t i c a l  d i s t a n c e  t r a v e l e d  

could range from 7000 t o  15,000 f t  . A t  a v e r t i c a l  v e l o c i t y  of  

10,000 f t / s e c ,  t h e  measurement per iod  would be  i n  t h e  range of 

0.7 t o  1.5 s e c .  

RELATION OF DENSITY CHANGE TO ENTRY MODE 

The dens i ty  changes have a l l  been c a l c u l a t e d  on a b a s i s  of 

v e r t i c a l  d i s t ance  t r a v e l e d ,  which cor responds  t o  v e h i c l e  t r a v e l  on ly  
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f o r  v e r t i c a l  descent  o r  a 90-deg a n g l e .  

r e s u l t  i n  l e s s  v e r t i c a l  t r a v e l  f o r  g iven  v e h i c l e  t r a v e l ;  e . g . ,  a t  

a 30-deg e n t r y  a n g l e ,  t h e  v e r t i c a l  v e l o c i t y  component i s  one-half  of 

t h e  veh ic l e  v e l o c i t y .  Dens i ty  changes w i l l  be c a l c u l a t e d  from v e r t i c a l  

v e l o c i t y  components m u l t i p l i e d  by t h e  t i m e  of t r a v e l  du r ing  t h e  

sampling pe r iod .  

Entry a t  o t h e r  ang le s  w i l l  

COMPOSITIONAL VARIATION 

It has not been p o s s i b l e  t o  a c c u r a t e l y  determine t h e  composi t ion 

of t h e  Martian atmosphere from ear th-based  measurements. The presence  

of carbon d i o x i d e  has  been de tec t ed  and n i t r o g e n  and argon have been 

proposed a s  o t h e r  c o n s t i t u e n t s .  The d i f f e r e n t  ranges o f  composi t ion 

t h a t  have been proposed vary wide ly ,  as  i l l u s t r a t e d  i n  Table 2 .  These 

t h r e e  atmospheres were s e l e c t e d  t o  inc lude  maximum values  f o r  C 0 2 ,  A ,  

and N 2 ,  r e s p e c t i v e l y  . 

Table 2 

VOLUMETRIC COMPOSITION OF MARTIAN ATMOSPHERE 

Kaplan 
10 mb 

Kaplan 
25 mb 

de Vaucouleurs 
85 mb 

6 0% 

20% 

A 2 0% 

c02 

N2 

-~~ 

0 .3% 

98.5% 

1.2% 

Since composition can have an e f f e c t  on d e n s i t y  de t e rmina t ion  by 

the  r a d i a t i o n  method, molecular  weight and weight f r a c t i o n s  were 

c a l c u l a t e d  f o r  s e v e r a l  Mar t ian  atmospheres and a r e  t a b u l a t e d  i n  
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Appendix B .  The models with the  lowest s u r f a c e  p re s su re  g e n e r a l l y  

have t h e  g r e a t e s t  molecular  weight .  For  any composition it i s  expected 

t h a t  t h e  molecular  weight  a t  high a l t i t u d e s  w i l l  be l e s s  t han  a t  t h e  

s u r f a c e  because of d i s s o c i a t i o n  of t h e  gases  p r e s e n t .  A d d i t i o n a l l y ,  

and e s p e c i a l l y  p e r t i n e n t  t o  high argon atmospheres ,  it i s  expected 

t h a t  g r a v i t a t i o n a l  s e p a r a t i o n  e f f e c t s  w i l l  tend t o  hold t h e  h e a v i e r  

c o n s t i t u e n t s  i n  g r e a t e r  p ropor t iona l  concent ra t  i on  a t  lower a l t i t u d e s .  

Because of t h e  many u n c e r t a i n t i e s  about  t h e  Mart ian atmosphere,  i t  is 

not  p r a c t i c a l  t o  cons ide r  i n  g r e a t e r  d e t a i l  t h e  change i n  composition 

and molecular  weight as a func t ion  of a l t i t u d e .  
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III. THE DENSITY GAUGING PROCESS 

ABSORPTION AND SCATTERING 

I n  pass ing  through m a t t e r ,  r a d i a t i o n  i s  a t t e n u a t e d  by i n t e r a c t  ion  

wi th  t h e  subs tances  p r e s e n t .  The degree  of a t t e n u a t i o n  w i l l  vary wi th  

t h e  energy o r  wavelength of t h e  r a d i a t i o n  and t h e  subs tances  p r e s e n t .  

Also,  t h e  exac t  na tu re  of t h e  r e a c t i o n s  causing a t t e n u a t i o n  w i l l  va ry  

wi th  t h e  type  and energy of t h e  r a d i a t i o n .  Some t y p i c a l  r e a c t i o n s  a r e :  

(1) Coherent s c a t t e r i n g  i n  which t h e  d i r e c t i o n  of r a d i a t i o n  
is  changed, bu t  t h e  energy level remains t h e  same 

( 2 )  Incoherent  o r  modified s c a t t e r i n g  i n  which both  d i r e c t i o n  
and energy a r e  changed 

( 3 )  Absorpt ion processes  caus ing  pho toe lec t ron  emission and t h e  
emission of r a d i a t i o n  c h a r a c t e r i s t i c  of t h e  abso rb ing  m a t e r i a l .  

The r a d i a t i o n  gauging p r i n c i p l e  involves  measuring t h e  degree  

of a t t e n u a t i o n  by these  processes  t o  determine t h e  amount of m a t e r i a l  

c o n t r i b u t i n g  t o  t h e  e f f e c t .  I n  t h e  case of a gas f o r  which a cons t an t  

volume i s  used f o r  measurement, t h e  a t t e n u a t i o n  w i l l  be a f u n c t i o n  

of t h e  d e n s i t y  of t h e  g a s .  I n  cons ide r ing  t h e  in s t rumen ta t ion  method, 

i t  i s  p o s s i b l e  t o  measure t h e  i n t e n s i t y  of  t h e  emergent r a d i a t i o n  

beam a s  an inve r se  f u n c t i o n  of d e n s i t y .  A l t e r n a t i v e l y ,  t h e  i n t e n s i t y  

of t h e  s c a t t e r e d  r a d i a t i o n  w i l l  i nc rease  wi th  i n c r e a s i n g  d e n s i t y .  

F igu re  5 i l l u s t r a t e s  t h i s  p r o c e s s .  S c a t t e r i n g  w i l l  t a k e  p l a c e  i n  

a l l  d i r e c t i o n s ,  some of which w i l l  be i n  t h e  d i r e c t i o n  of t h e  p r i m a r y  

beam of r a d i a t i o n .  

AVAILABLE RADIATIONS 

Using r a d i a t i o n  f o r  d e n s i t y  gauging o f f e r s  a wide s e l e c t i o n  of  

t echn iques ,  not on ly  i n  t h e  geometry of a p p l i c a t i o n ,  bu t  a l s o  i n  t h e  
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choice  of t h e  source  o f  r a d i a t i o n .  Many d i f f e r e n t  methods might be  

used ,  b u t  some w i l l  be very  l i m i t e d  i n  t h e i r  a p p l i c a t i o n .  
-1. 

The 

r a d i a t i o n s  considered i n  t h i s  s t u d y  i n c l u d e :  

1. Gamma Rays - h i g h l y  p e n e t r a t i n g  e lec t romagnet ic  r a d i a t i o n  
r e s u l t i n g  from t h e  decay of  c e r t a i n  r a d i o a c t i v e  m a t e r i a l s  

2 .  X-rays - p e n e t r a t i n g  electromagnet  i c  rad i a t  i o n  wi th  p r o p e r t i e s  
s imilar  t o  gamma r a y s ,  b u t  machine-generated by  t h e  i n t e r -  
a c t i o n  of a n  e l e c t r o n  beam w i t h  a t a r g e t  m a t e r i a l  (normally 
a high atomic number meta l )  

3 .  Beta Rays - f a s t  e l e c t r o n s  r e s u l t i n g  from r a d i o a c t i v e  decay 
processes  (of low p e n e t r a t i n g  power) 

4 .  E l e c t r o n  Beams - machine-generated and a c c e l e r a t e d  e l e c t r o n s  
(of very  low p e n e t r a t i n g  power) 

5 .  Alpha Radia t ion  - p o s i t i v e l y  charged p a r t i c l e  r a d i a t i o n  
corresponding t o  hel ium n u c l e i  , r e s u l t i n g  from r a d i o a c t i v e  
decay processes  (of extremely l o w  p e n e t r a t i n g  power) 

The p e n e t r a t i o n  of r a d i a t i o n  v a r i e s  wide ly  wi th  type  and energy 

a s  i l l u s t r a t e d  by a few t y p i c a l  va lues  contained i n  Table  3 .  

Table 3 

PENETRATION OF TYPICAL RADIATIONS I N  A I R  

Radia t ion  ’ 

2 MEV a l p h a s  
5 MEV a l p h a s  
0.1 MEV e l e c t r o n s  
1 MEV e l e c t r o n  
0.1 MEV X-ray 

3 
Range i n  A i r  

(1.225 x gm/cm ) 

1 cm 
4 cm 

22 c m  
300 c m  

3700 cma 

a 
The value given i s  t h e  d i s t a n c e  c a l c u l a t e d  f o r  which t h e  i n t e n s i t y  

would b e  reduced t o  one-half  t h e  o r i g i n a l  i n t e n s i t y  by v i r t u e  of  t h e  
absorp t ion  and s c a t t e r i n g  p r o c e s s .  The a c t u a l  i n t e n s i t y  a t  such a 
d i s t a n c e  would be  l e s s  because of t h e  d ivergence  of t h e  r a d i a t i o n .  

-L 

‘ A s  an example , u l t r a - v i o l e t  r a d i a t i o n  ( n e a r - v i s i b l e )  o f f e r s  pos- 
s i b i l i t i e s  a s  a r a d i a t i o n  source  but i s  l i m i t e d  i n  a p p l i c a t i o n  because of 
d e n s i t y  range c o n s i d e r a t  i o n s ,  s e n s i t i v i t y  t o  t h e  composi t ion of  t h e  
s c a t t e r i n g  medium, and l i k e l y  i n t e r f e r e n c e  e f f e c t s  from t h e  s o l a r  background. 



This  t a b l e  i l l u s t r a t e s  t h e  extreme p e n e t r a t i o n  of gamma rays  and 

X-rays- - rad ia t ion  of on ly  a few thousand v o l t s  of energy i s  very  

p e n e t r a t i n g  i n  terms of upper atmospheric d e n s i t i e s .  More complete 

informat ion  on p e n e t r a t i o n  i s  a v a i l a b l e  i n  many t e x t s ,  such a s  

/ (7) Segre.  

GAUGING GEOMETRY 

Figure  6 i l l u s t r a t e s  t h e  simple geometry of v a r i o u s  types  of  

gauging. Applying t h e s e  techniques t o  space probes ,  it i s  apparent 

t h a t  t r ansmiss ion  gauging would r equ i r e  (1) gauge elements  e x t e r n a l  

t o  t h e  spacec ra f t  o r  (2)  t h e  in t roduc t ion  of an atmospheric  sample 

i n t o  t h e  volume of t h e  s p a c e c r a f t  i f  t h e  gauging system were i n t e r n a l  

t o  t h e  c r a f t .  F u r t h e r ,  t h e  t ransmiss ion  system would g ive  an average 

va lue  of d e n s i t y  over  t h e  e n t i r e  length of sample corresponding t o  t h e  

d i s t a n c e  between t h e  source  and the  d e t e c t o r  and would l i k e l y  not be 

r e p r e s e n t a t i v e  of ambient condi t ions  because of shock l a y e r s  and 

o t h e r  p o s s i b l e  extraneous e f f e c t s .  

Low-angle s c a t t e r  has some of t h e  same geometr ica l  l i m i t a t i o n s  

found i n  t h e  i n - l i n e  t r ansmiss ion  system. An in-board system would 

have a path almost e n t i r e l y  i n  the shock l a y e r  a r e a  f o r  any reasonable  

sou rce -de tec to r  s e p a r a t i o n  d i s t ance  and would not g ive  readings  

r e p r e s e n t a t i v e  of ambient condi t ions .  

Back-sca t te r  o f f e r s  t h e  wides t  s t . l e c t i o n  o f  p r a c t i c a l  i n s t r r i -  

menta t ion  f o r  use on a space probe. The e f f e c t  of t h e  shock l a y e r  

i s  minimized, s i n c e  t h e  s c a t t e r i n g  volume i s  o u t s i d e  t h a t  reg ion  and 

on ly  d i f f e r e n c e s  due t o  absorp t ion  i n  t h e  denser  shock l a y e r  musc be 

accounted f o r .  These a r e  small f o r  r a d i a t i o n  of high p e n e t r a t i o n .  
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Figure  7 i l l u s t r a t e s  t h e  back- sca t t e r  gauging p r i n c i p l e  i n  

g r e a t e r  d e t a i l .  The source  i s  co l l imated  t o  e x i t  as a d ive rgen t  

beam of r a d i a t i o n .  The atmosphere w i l l  cause s c a t t e r i n g  along t h e  

e n t i r e  length  of the  beam. I n  order  t o  r e s t r i c t . a n d  b e t t e r  d e f i n e  

the  a c t i v e  s c a t t e r i n g  volume, t h e  r a d i a t i o n  d e t e c t o r  i s  a l s o  co l l ima ted .  

The amount of s c a t t e r e d  r a d i a t i o n  rece ived  by t h e  d e t e c t o r  w i l l  be a 

f u n c t i o n  of t h e  d e n s i t y  of t h a t  po r t ion  of t h e  atmosphere included 

i n  t h e  a c t i v e  volume, shown as  the shaded a r e a .  

t h r e e  dimensional and is  a l s o  def ined i n  t h e  o t h e r  dimension by l i m i t s  

of t h e  beam and d e t e c t o r  co l l ima t ion .  

The a c t u a l  volume is  

These s ta tements  hold because only  a small f r a c t i o n  of t h e  beam 

i s  s c a t t e r e d  o r  absorbed i n  path l eng ths  of p r a c t i c a l  i n t e r e s t  

(Appendix C ) ,  so m u l t i p l e  s c a t t e r i n g  can be neg lec t ed .  

reason  t h e  shock l a y e r  of g r e a t e r  d e n s i t y  w i l l  make no m a t e r i a l  

c o n t r i b u t i o n  t o  t h e  i n t e n s i t y  of s c a t t e r e d  r a d i a t i o n .  

A s p e c i a l  case  of t h e  b a c k - s c a t t e r  technique (e lec t ron-bremss t rah-  

For t h e  same 

lung)  i s  t h e  use of an e l e c t r o n  source  t h a t  w i l l  genera te  X-rays i n  

t h e  a c t i v e  sample volume i n  a d d i t i o n  t o  e l e c t r o n  s c a t t e r i n g .  The 

d e t e c t i o n  of the  generated X-rays i s  used a s  a measure of gas 

( 9 )  dens it  y . 
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I V .  RELATED GAUGING MEASUREMENTS OF TERRESTRIAL ATMOSPHERIC DENSITY 

Several s t u d i e s  have been made o r  are i n  progress  concerning a i r  

d e n s i t y  gauges,  based on r a d i a t i o n  p r i n c i p l e s  f o r  use i n  t h e  e a r t h ' s  

atmosphere.  Work h a s  included s tudy  programs , space chamber t e s t i n g ,  

and some f l i g h t  t e s t i n g .  A review of  t h i s  work i s  u s e f u l  i n  c o n s i d e r i n g  

techniques  t h a t  may be  s u i t a b l e  f o r  t h e  Mart ian atmosphere. 

SMALL-ANGLE SCATTERING OF BETA RAYS 

E a r l y  s t u d i e s  favored t h e  i n v e s t i g a t i o n  of b e t a - r a y ,  smal l -angle  

s c a t t e r i n g .  I n  one such s t u d y  i n  space  chamber work, Rupp (lo) used 0 . 2  

c u r i e s  of Sr9' , working i n  t h e  approximate equiva len t  a l t i t u d e  range of  

0 t o  200,000 f t .  The source  and d e t e c t o r  were s e p a r a t e d  b y  78 i n c h e s .  

I n  t h i s  work t h e  a t t e n u a t i o n  e f f e c t  of  a b s o r p t i o n  a t  a l t i t u d e s  less 

t h a n  100,000 f t  masked t h e  s c a t t e r i n g  measurement. Above 100,000 f t  , 

t h e  i n t e r f e r e n c e  of t h e  d i r e c t  beam a l s o  tended t o  mask t h e  s c a t t e r  

e f f e c t ,  a l though t h e s e  e f f e c t s  could be  minimized by changes i n  geometry 

and improvement i n  t h e  s p e c i f i c  d e s i g n  of equipment. Because t h i s  
-L 

experimental  s e t u p  had t h e s e  e r r o r s ,  t h e  d a t a  were not s i g n i f i c a n t  a s  a 

measure of  t h e  i n t e n s i t y  of  s c a t t e r i n g .  It w a s ,  however, not over  500 

counts  p e r  second a t  t h e  maximum v a l u e  and would have been much less 

i f  t h e  d i r e c t  beam had not  c o n t r i b u t e d .  The i n t e r f e r e n c e  e f f e c t  of t h e  

d i r e c t  beam produces a f l u x  a t  t h e  d e t e c t o r ,  which v a r i e s  l i t t l e  w i t h  

a l t i t u d e  o r  d e n s i t y .  

"?.i+p's work wi th  improved techniques , was cont inued by Richard 
Eskridge and w a s  repor ted  i n  "Atmospheric Densi ty  Measurement h y  Use of 
Radioisotopes ," ( t h e s i s ) ,  A i r  U n i v e r s i t y ,  USAF , Wright - P a t t e r s o n  A i r  Force 
Base , Oh i o  , GA/PHYS 163 -4 . 
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The s tudy  d i d ,  however, i l l u s t r a t e  two s i g n i f i c a n t  causes  of  e r r o r  

i n  t h e  small-angle  s c a t t e r i n g  gauge. These were: 

1. At t enua t ion  a t  h i g h e r  d e n s i t i e s  due t o  t h e  low 
p e n e t r a t i o n  of t h e  b e t a  p a r t i c l e s  

2 .  I n t e r f e r e n c e  of t h e  d i r e c t  beam a t  ve ry  small  a n g l e s .  

Work done a t  Paramet r ics  ,(") considered t h e  use of r a d i o i s o t o p e s  

f o r  measurement from b a l l o o n s ,  i n  t h e  l imi t ed  range of 0 t o  140,000 f t .  

Beta r a y  abso rp t ion  w a s  recommended f o r  0 - 45,000 f t  range (us ing  

carbon-14) and small-angle s c a t t e r i n g  f o r  t h e  45,000 - 140,000 f t  range 

(us ing  krypton-85) .  This  s t u d y  cons i s t ed  of a n a l y s i s  and l a b o r a t o r y  

experiments.  Subsequent f l i g h t  tes ts  were only  p a r t i a l l y  s u c c e s s f u l  

because of equipment mal func t ion .  (I2) 

considered gauging a t  g r e a t e r  a l t i t u d e s ,  (up t o  250,000 f t )  and a t  

I n  a l a t e r  work (13) they  

high-speed r e e n t r y .  They concluded t h a t  a source  of t h e  o r d e r  of 1000 

c u r i e s  of  Pm-147 would be r equ i r ed  t o  o p e r a t e  a t  250,000 f t  . 
I n  a t e s t  t h a t  w a s  a p a r t  of t h i s  i n v e s t i g a t i o n ,  a 1 m i l l i c u r i e  

source  of Pm-147 was used ,  which y i e lded  a s c a t t e r i n g  s t r e n g t h  of 4.86 

x 10 counts p e r  second per  gram/cm . The b e t a  gauge us ing  low-angle 6 3 

s c a t t e r i n g ,  however, i s  not considered adequate  f o r  measuring ambient 

d e n s i t y  because of t h e  i n t e r f e r e n c e  e f f e c t  of t h e  shock l a y e r .  It w a s  

suggested t h a t  t h e  technique  might be  used f o r  measurement of t h e  d e n s i t y  

of t h e  shock l a y e r  i t s e l f ,  i f  such i s  of i n t e r e s t .  The r e p o r t  a l s o  

suggested f u r t h e r  a r e a s  of i n v e s t i g a t i o n :  (1) a f l u s h  mounted back-  

s c a t t e r  be t a  gauge f o r  shock l a y e r  d e n s i t y  measurement, and ( 2 )  t h e  use of 

of a n  e l e c t r o n  beam t o  gene ra t e  secondary r a d i a t i o n  i n  t h e  form of X-rays,  

measuring the i n t e n s i t y  of t h e  X-rays thus  produced a s  a measure of 

t h e  concen t r a t ion  of atmosphere.  This  i s  recommended a s  a h i g h - a l t  i t ude  



t echnique  i n  t h e  range of 300,000 t o  600,000 f t  . Use of an  e l e c t r i c a l  

X-ray g e n e r a t o r  f o r  a l t i t u d e s  i n  t h e  range of 0 t o  300,000 f t  w a s  a l s o  

sugges ted .  

A s p e c i a l  geometry f o r  t h e  forward s c a t t e r i n g  technique w a s  proposed 

by Falckenberg and Schumacher. ( I 4 )  They sugges ted  c o l l e c t i n g  a l l  t he  

forward s c a t t e r e d  e l e c t r o n s ,  us ing  a l a r g e  area d e t e c t o r  w i t h  a n  opening 

t o  pass  t h e  pr imary beam. This  method would no t  be u s e f u l  o r  would be 

a t  b e s t  ambiguous i n  h igh  p r e s s u r e  ranges because of t h e  a b s o r p t i o n  

e f f e c t  p rev ious ly  mentioned. 

ment problems t o  prevent  d e t e c t i o n  of any of t h e  d i r e c t  beam appear  t o  

F u r t h e r ,  t h e  in s t rumen ta t ion  and a l i g n -  

b e  formidable  i n  any f l i g h t  v e r s i o n  of such a method. 

BACK-SCATTERING OF X-RAYS AM) GAMMA RAYS 

An e a r l y  s t u d y  (I5) done by Giann in i  Cont ro ls  Corporat ion cons idered  

a l l  types  of  r a d i a t i o n  gauging methods and came t o  t h e  fo l luwing  con- 

c l u s i o n s  : 

1. S c a t t e r i n g  techniques  are p r e f e r r e d  ove r  t r ansmiss ion  
techniques  because of t h e  g r e a t e r  a b i l i t y  t o  measure ambient 
a i r  d e n s i t y  by minimizing t h e  p o s s i b l e  e f f e c t  of shock waves. 

2. G a m  r a d i a t i o n  i s  p re fe r r ed  ove r  a lpha  and b e t a  r a d i a t i o n  
because no s p e c i a l  windows are requ i r ed  i n  t h e  v e h i c l e ,  
t h e  s c a t t e r i n g  r e t u r n  is  h i g h ,  and h i g h  source  s t r e n g t h s  
are a v a i l a b l e  i n  s u i t a b l e  geometry. 

3 .  Because of t h e  l a r g e  sources  r equ i r ed  , handl ing  problems , 
and s h i e l d i n g  weight requirements  , measurement of a i r  
d e n s i t y  a t  ve ry  h igh  a l t i t u d e s  wi th  gammas i s  not  a t t r a c t i v e .  

I n  l a t e r  work (I6) Giannin i  conducted f l i g h t  tests us ing  a gamma source ;  

21.5 c u r i e s  of Ce-144 w a s  t h e  sou rce  used i n  a tes t  aboard a Nike-Apache 

r c ~ k ~ _ t  fired a t  Wallops I s l a n d  i n  December 1963. The u s e f u l  range appeared 

t o  l i e  between 0 and 180,000 f t  a l t i t u d e ,  f o r  which 5 p e r  cent  accuracy  

appears  f e a s i b l e .  Some of  the l i m i t a t i o n s  encountered are  expected t o  
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be  overcome i n  f u t u r e  tes ts  u s i n g  a 50 c u r i e  sou rce  and improved 

e l e c t r o n i c s ,  t e s t i n g  up t o  an  a l t i t u d e  of 300,000 f t .  The f i r s t  tests 

r e s u l t e d  an  a count ing  ra te  y i e l d  of  approximately 1 . 2  x 10 7 counts  

3 p e r  second p e r  c u r i e  p e r  gram/cm . 
Giannini  h a s  a l s o  conducted f e a s i b i l i t y  t es t s  on t h e  X-ray back- 

s c a t t e r  method i n  a space chamber environment.  (I7) The tes ts  are 

pre l iminary  and s u b j e c t  t o  re f inement  wi th  improved X-ray source  

c o n t r o l  and d e t e c t o r  e l e c t r o n i c s .  The p re l imina ry  r e s u l t s  i n d i c a t e  

10 3 a response ra te  of t h e  o r d e r  of 10 counts  p e r  second p e r  gram/cm . 
This  r a t e  w a s  achieved a t  an  X-ray tube  c u r r e n t  of  5 m a ;  t h e  v o l t a g e  

w a s  no t  known a c c u r a t e l y ,  b u t  i s  es t imated  a t  about 50 k i l o v o l t s .  I n  

t h e  se I f  - r ec t  i f  i ed  , a l t e r n a t i n g  c u r r e n t  mode of opera t  i o n  , r e g u l a t i o n  

of t h e  high v o l t a g e  t ransformer  i s  poor ,  and measurement d i f f i c u l t i e s  

were encountered wi th  t h e  c o n t r o l  c i r c u i t .  G iann in i  suggested t h a t  t h e  

dc  mode of o p e r a t i o n  and b e t t e r  c o n t r o l  would i n c r e a s e  t h e  ou tpu t  by a 

f a c t o r  of 5 t o  10. 

ELECTRON-BREMSSTRAHLUNG GENF,RATION 

A very s e n s i t i v e  m o d i f i c a t i o n  of t h e  X-ray b a c k - s c a t t e r  technique  

is  repor ted  by Z i e g l e r  e t  a l .  ( 9 )  

low energy e l e c t r o n  beam i s  d i r e c t e d  t o  t h e  ambient a i r  volume. The 

e l e c t r o n  beam i n t e r a c t s  w i th  t h e  atoms conta ined  i n  t h e  gas volume, 

gene ra t ing  X-rays. These X-rays are emi t t ed  i n  a l l  d i r e c t i o n s ,  bu t  

were s p e c i f i c a l l y  measured a t  r i g h t  ang le s  t o  t h e  pr imary beam. I n  

l a b o r a t o r y  experiments t h i s  method y i e lded  a h i g h  count ing  ra te :  

3 . 7  x 10 counts  p e r  second per  gram/cm f o r  an e l e c t r o n  beam 

o p e r a t i n g  a t  4 k i l o v o l t s  and 100 microamps. Response w a s  measured 

A primary source  i n  t h e  form of a 

11 3 
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a t  p re s su res  corresponding t o  e a r t h  a l t i t u d e s  of roughly 300,000 t o  

600,000 f t .  The method w a s  not  intended t o  be  used a t  lower a l t i t u d e s  

s i n c e  t h e  h ighe r  d e n s i t y  a i r  would absorb most of t h e  low energy e l e c t r o n  

beam and f i lament  burnout would r e s u l t  i n  t h e  presence  o f  oxygen. 

During t h e  measuring p e r i o d ,  t h e  e l e c t r o n  beam i s  e n t i r e l y  open t o  

t h e  atmosphere. It i s  not p r a c t i c a l  t o  seal o f f  t h e  e l e c t r o n  gun i n  

a vacuum dur ing  ope ra t ion  because of t h e  h igh  a b s o r p t i o n  of any s o l i d  

b a r r i e r  m a t e r i a l  f o r  t h e  low vo l t age  beam used.  While h ighe r  vo l t ages  

and d i f f e r e n t i a l  pumping methods could be  considered t o  extend t h e  

range ,  t hey  would add g r e a t l y  t o  t h e  complexity and power requirements 

of t h e  system. 

ADDITIONAL TESTS I N  PROGRESS 

1. A 50-cur ie  source  (Ce-144 o r  Co-57) i s  t o  be used by Giannini  
Controls  Corporat ion i n  f u r t h e r  g a m a  b a c k - s c a t t e r  t e s t i n g .  

2. Giannin i  Cont ro ls  Corporation i s  conduct ing pulsed X-ray 
back- sca t t e r  s t u d i e s  of a i r  d e n s i t y  f o r  increased  sampling 
r a t e .  

3 .  Giannin i  Controls  Corporat ion w i l l  conduct a t  White Sands 
ba l loon  f l i g h t s  t o  a l t i t u d e s  of 100,000 f t  us ing  Sc-75 back- 
s c a t t e r  sources .  The t e s t s  a r e  planned t o  a l s o  c a r r y  r a d i o -  
sonde in s t rumen ta t ion  f o r  comparison purposes .  

4. Parametr ics  i s  us ing  alpha a b s o r p t i o n  ( s t r a g g l i n g  range) i n  
measuring d e n s i t y - - a l t i t u d e s  from 0 - 12,000 f t  f o r  use on 
a i r c r a f t .  

5 .  Parametr ics  w i l l  test an 85 mc Pr-147 source  i n  t h e  100,000 
t o  200,000 f t  range.  
Accuracy is given a s  5 p e r  cen t .  

This i s  intended f o r  dropsonde a p p l i c a t i o n .  

6. Paramet r ics  w i l l  t e s t  t h e  electron-X-ray s c a t t e r  device  
descr ibed  above i n  Nike-Cajun t e s t s  i n  1965 i n  t h e  range 
nf _?n02000 t o  600,000 f t ;  5 t o  10 per  cent  accuracy is 
a n t i c i p a t e d  . 
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SCATTERING RE SPONS E 

One way t o  cons ider  how t h e  gauging methods w i l l  respond i n  Mar t ian  

f l i g h t s  i s  t o  p r o j e c t  t h e  terrestrial  test  r e s u l t s .  For t h i s  purpose,  

p e r t i n e n t  d a t a  was e x t r a c t e d  from t h e  foregoing  t e s t s  and i s  summarized 

i n  Table 4 .  The test r e s u l t s  a r e  a l s o  p ro jec t ed  i n  terms of a p o s s i b l e  

inc rease  i n  source  s t r e n g t h .  
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V. GAUGING THE MARTIAN ATMOSPHERE 

METHOD 

Beta s c a t t e r i n g  does not appear  t o  be  a p r a c t i c a l  method f o r  

gauging the d e n s i t y  of t h e  Mart ian atmosphere because of i t s  many 

inhe ren t  l i m i t a t i o n s .  The low p e n e t r a t i o n  of b e t a  r a d i a t i o n  l i m i t s  

i t s  range of a p p l i c a t i o n  because of t h e  a b s o r p t i o n  e f f e c t s  a t  g r e a t e r  

d e n s i t i e s  and t h e  r e s u l t i n g  ambigui t ies  i n  o u t p u t .  The low s c a t t e r i n g  

i n t e n s i t y  a t  l a r g e r  ang le s  would i n d i c a t e  t h e  use of  smal l -angle  

s c a t t e r i n g .  However, under t h e s e  cond i t ions  t h e  shock l a y e r  abso rp t ion  

would produce ve ry  l a r g e  e r r o r s .  There would a l s o  b e  d e s i g n  problems 

s i n c e  t h e  source and d e t e c t o r  would have t o  form a p a r t  of t h e  

v e h i c l e  su r face ,  because any reasonable  amount of v e h i c l e  s k i n  would 

absorb a l l  o r  a l a r g e  p a r t  of t h e  b e t a  r a y s .  

The source p r e s e n t s  problems, t o o ,  as it  would have t o  be  very  

t h i n  and consequent ly  of a l a r g e  a r e a  i n  o r d e r  t o  prevent  s e l f -  

abso rp t ion .  Very l a r g e  sources  present  l o g i s t i c s  problems--the 

ground crew must b e  p r o t e c t e d  dur ing  assembly and checkout .  The 

decay of source s t r e n g t h  wi th  t i m e  c r e a t e s  d i f f i c u l t i e s  i n  having 

t h e  source  a v a i l a b i l i t y  co inc ide  wi th  launch t ime i f  de l ays  i n  

product ion ,  t e s t ,  and launch occured.  A f u r t h e r  d i sadvantage  i n  

us ing  a r a d i o a c t i v e  source  i s  i n  i t s  p o s s i b l e  i n t e r f e r e n c e  wi th  

o t h e r  experiments on board dur ing  f l i g h t  and t h e  chance of contaminat ing 

t h e  Mart ian s u r f a c e  i n  t h e  event  of a hard  l and ing .  

Gamma s c a t t e r i n g  i s  a more s u i t a b l e  method because of t h e  

g r e a t e r  p e n e t r a t i o n  of t h e  r a d i a t i o n  and t h e  more f a v o r a b l e  back-  

s c a t t e r i n g  response.  Gamma sources  are r e l i a b l e  i n  accord wi th  t h e  
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r a d i o a c t i v e  decay process  and do not r e q u i r e  e l e c t r i c a l  power. How- 

e v e r ,  i n  o r d e r  t o  make measurements i n  t i m e  i n t e r v a l s  of t h e  o r d e r  of 

one second,  as would be needed t o  o b t a i n  t h e  Mart ian d e n s i t y  p r o f i l e ,  

t h e  source  s t r e n g t h  r equ i r ed  would be a t  least  1000 c u r i e s .  This 

p r e s e n t s  problems i n  des ign  and a p p l i c a t i o n  s i n c e  l a r g e  gamma sources  

are troublesome t o  hand le ,  r e q u i r i n g  s h i e l d i n g  of hundreds o r  thousands 

of  pounds f o r  t h e  p r o t e c t i o n  o f  ground personnel .  Although less 

s h i e l d i n g  is  r equ i r ed  i n  f l i g h t ,  an  apprec i ab le  weight w i l l  be  re- 

qu i r ed  t o  keep t h e  pr imary r a d i a t i o n  from reaching  t h e  d e t e c t o r ,  s i n c e  

t h e  unshielded source  w i l l  emit  r a d i a t i o n  of equa l  i n t e n s i t y  i n  a l l  

d i r e c t  ions .  

Another need f o r  s h i e l d i n g  l a r g e  sources  i s  t h e  adverse  e f f e c t  

t h a t  r a d i a t i o n  has  on components of  t h e  s p a c e c r a f t .  Over a per iod  

of several months i n  f l i g h t  p r i o r  t o  t h e  Mars encoun te r ,  t h e  r a d i a t i o n  

dose  could reach  levels damaging t o  t h e  e l e c t r o n i c  components and o rgan ic  

materials u s e d  i n  t h e  c r a f t .  

The s e l e c t i o n  of s u i t a b l e  gamma sources  i s  r e s t r i c t e d  by t h e  

long per iod  of f l i g h t  t h a t  r e q u i r e s  t h a t  t h e  h a l f  l ives of t h e  

i s o t o p e s  b e  of t h e  o rde r  of s e v e r a l  months. 

r a d i a t i o n  of approximately 100 KEV would be  bes t  s u i t e d  t o  g ive  a 

good back- sca t t e r  response.  However, many i so topes  have mul t ip l e  

r a d i a t i o n s ,  and t h e  presence  of any h i g h e r  energy components adds t o  

t h e  s h i e l d i n g  problem. 

r a d i a t i o n  of .134 MEV, has  s e v e r a l  o t h e r  r a d i a t i o n s  , i nc lud ing  0.94 

m v  gammas that arc h i g h l y  p e n e t r a t i n g .  This  would i n c r e a s e  t h e  

s h i e l d i n g  weight beyond t h a t  requi red  f o r  t h e  d e s i r a b l e  r a d i a t i o n .  

Low energy  gamma 

For example, Ce-144, which has  a gamma 

- --- 



I n  one t e s t  f l i g h t ,  a 21.5 c u r i e  sou rce  of  Ce-144 was  s h i e l d e d  by  35 l b  

of l ead  but neve r the l e s s  added apprec iab ly  t o  t h e  background count .  I n  

a d d i t i o n ,  t h e  problems of l o g i s t i c s ,  contaminat ion ,  and i n t e r f e r e n c e  

d i scussed  above f o r  b e t a  sources  would be  p re sen t  and probably  more 

severe. 

X-ray b a c k s c a t t e r  ( e l e c t r i c a l l y  g e m r a t e d )  appears  t o  b e  t h e  most 

a t t r a c t i v e  r a d i a t i o n  method f o r  gauging t h e  Mart ian atmosphere.  

i n t e n s i t y  l e v e l s  o b t a i n a b l e  are u s e f u l  i n  t h e  d e n s i t y  range of 10-8gm/cm 

t o  10-4gm/cm3 t h a t  i s  expec ted .  

o f f e r s  t he  o p p o r t u n i t y  t o  c o n t r o l  bo th  energy level and i n t e n s i t y  o f  t h e  

r a d i a t i o n  by t h e  a p p r o p r i a t e  s e l e c t i o n  of  i npu t  c o n d i t i o n s .  The f a c t  

t h a t  t h e r e  is no r a d i a t i o n  p resen t  except  du r ing  t h e  a c t u a l  o p e r a t i o n s  

keeps personnel  hazard  problems t o  a minimum dur ing  i n s t a l l a t i o n  and 

checkout .  F u r t h e r ,  t h e  absense of r a d i a t i o n  w i l l  p e r m i t  t h e  b e s t  measure- 

ment of background and o t h e r  r a d i a t i o n  e f f e c t s  du r ing  space  t ravel .  

Power w i l l  b e  r e w i r e d  f o r  t h e  X-ray s o u r c e ,  bu t  s i n c e  i t  i s  on ly  o f  t h e  

o r d e r  of 100 w a t t s  and r equ i r ed  on ly  du r ing  t h e  per iod  of e n t r y ,  a 

b a t t e r y  o r  o t h e r  energy sources  should b e  p r a c t i c a l .  

i n  f a v o r  of t h e  X-ray method i s  t h e  f a c t  t h a t  n e i t h e r  t h e  inc iden t  beam 

nor t h e  s c a t t e r e d  r a d i a t i o n  c a r r i e s  any charge.  

of e l e c t r i c  o r  magnetic f i e l d s  i n  t h e  atmosphere w i l l  not a f f e c t  t h e  

s c a t t e r i n g  r e l a t i o n s h i p .  Furthermore,  t h e  s c a t t e r i n g  p rocess  i s  

r e l a t i v e l y  independent of i o n i z a t i o n  w i t h i n  t h e  gas  volume be ing  measured. 

The 

3 

The u s e  of e l e c t r i c a l l y  genera ted  X-rays 

Another c o n s i d e r a t i o n  

Accordingly,  t h e  presence  

Electron-bremsstrahlung genera t  i on  i s  recommended f o r  a p p l i c a t i o n  

i n  t h e  very  low d e n s i t y  range .  

t h a t  w i l l  be requi red  i n  t h e  Mars probe w i l l  be i n  t h e  range g r e a t e r  t han  

Although t h e  p r i n c i p a l  d e n s i t y  measurements 
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gm/cm3, t h e  oppor tun i ty  t o  gain a d d i t i o n a l  in format ion  i n  r eg ions  

of lesser d e n s i t y  wi th  only  a l i t t l e  i n c r e a s e  i n  weight o r  power makes 

it  a t t r a c t i v e  t o  inc lude  t h e  e l e c t r o n  source  i n  t h e  instrument  package. 

A common X-ray d e t e c t i o n  system could be  shared  wi th  t h e  equipment used 

f o r  t h e  X-ray b a c k - s c a t t e r  i n  t h e  greater d e n s i t y  range.  

Furthermore,  bo th  t h e  X-ray and e l e c t r o n  methods i n s u r e  t h a t  t h e r e  

would be  no contaminat ion of  t h e  Mart ian s u r f a c e  wi th  r a d i o a c t i v e  

material i n  t h e  event  of t h e  breakup of hard- landing  v e h i c l e s .  

THE DENSITY RANGE 

I n  cons ide r ing  t h e  gauging of a tmospheric  d e n s i t y ,  t h e  r eg ion  of 

-8 3 
d e n s i t y  g r e a t e r  t h a n  10 gm/cm is of  g r e a t e s t  i n t e r e s t  s i n c e  it i s  i n  

t h a t  r eg ion  t h a t  r e e n t r y  h e a t i n g  t akes  e f f e c t  and d e n s i t y  becomes 

g r e a t  enough t o  g ive  apprec i ab le  l i f t  t o  v e h i c l e s  and o t h e r  a i r b o r n e  

bodies  such as ba l loons  and pa rachu tes .  The l e s s e r  d e n s i t y  r eg ion  a t  

g r e a t e r  a l t i t u d e s  is  of t h e o r e t i c a l  i n t e r e s t  and is  u s e f u l  i n  o r b i t a l  

f l i g h t  p lanning ,  bu t  i t  i s  not  considered as c r i t i c a l  as t h e  h ighe r  

d e n s i t y  r e g i o n .  

I n  g e n e r a l ,  t h e  p l a u s i b l e  range and even t h e  upper and lower 

l i m i t s  of t h e  Mart ian atmosphere a r e  not o u t s i d e  t h e  range of d e n s i t i e s  

f o r  which in s t rumen ta t ion  has  been made o r  i s  under development f o r  use  

i n  measuring t h e  e a r t h ' s  atmosphere. Re fe r r ing  t o  F i g .  1 ( p .  5 )  , i n  

which d e n s i t y  i s  p l o t t e d  as a func t ion  of a l t i t u d e ,  we n o t i c e  two 

s i g n i  f i c a n t  f a c t o r s  : 

1. The s u r f a c e  d e n s i t y  of  t h e  Mart ian atmosphere is cons ide rab ly  
l e s s  t han  f o r  e a r t h  

2 .  The r a t e  of change of d e n s i t y  as a func t ion  of a l t i t u d e  is less 
f o r  t h e  Mar t ian  atmosphere. 
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These two f a c t o r s  f a v o r  measurements by t h e  type  of i n s t rumen ta t ion  

considered s i n c e :  

1. The range covered w i l l  not be as g r e a t  as f o r  e a r t h  

2 .  The lower r a t e  of change w i l l  g i v e  b e t t e r  sampling cond i t ions  
f o r  e s t a b l i s h i n g  a d e n s i t y  p r o f i l e .  

THE COMPOSITION RANGE 

L i t t l e  i s  known about t h e  composition of t h e  Mart ian atmosphere 

and the  assumed va lues  v a r y  wide ly ,  as t a b u l a t e d  i n  Appendix B .  I n  

cons ider ing  r a d i a t i o n  s c a t t e r i n g  techniques  f o r  measuring d e n s i t y ,  

t h e  chemical elements c o n t r i b u t i n g  t o  t h e  s c a t t e r i n g  w i l l  a f f e c t  t h e  

net  i n t e n s i t y .  Assuming carbon d iox ide  , n i t r o g e n ,  and argon a s  t h e  

probable  p r i n c i p a l  c o n s t i t u e n t s  , t h e  ch ie f  concern w i l l  be t h e  argon 

content  , s i n c e  carbon,  n i t r o g e n  and oxygen a r e  ad jacent  e lements  i n  

t h e  pe r iod ic  s y s t e m ,  and hence have s i m i l a r  s c a t t e r i n g  c r o s s  s e c t i o n s .  

Argon, however, i s  s e v e r a l  e lements  removed i n  t h e  system. 

Case I .  Consider ing X-ray b a c k - s c a t t e r  a t  l o w  e n e r g i e s  and from 

l i g h t e r  elements such a s  a r e  p re sen t  i n  a gaseous atmosphere,  t h e  

s t r e n g t h  of s c a t t e r i n g  w i l l  be a f u n c t i o n  of t h e  number of f r e e  e l e c t r o n s  

i n  t h e  a c t i v e  s c a t t e r i n g  volume. (I8) 

e l e c t r o n s  w i l l  be t h e  summation of t h e  products  of  t h e  number of f r e e  

The t o t a l  number of s c a t t e r i n g  

e l e c t r o n s  per molecule and t h e  number 

c o n s t i t u e n t .  

The number of f r e e  e l e c t r o n s  pe r  

According t o  t h e  gas laws, f o r  any s e  

of molecules  p re sen t  f o r  each 

atom i s  equa l  t o  Z,  atomic number. 

ec t ed  atmospheric  d e n s i t y  t h e  

number o f  molecules present  w i l l  be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

molecular  weight of t h e  g a s .  Tn t h e  case  of  a rgon ,  a monatomic g a s ,  

t h e  molecular weight i s  equal  t o  atomic w e i g h t ,  A ,  and t h e  e l e c t r o n  



-33- 

d e n s i t y  w i l l  be  p r o p o r t i o n a l  t o  Z/A.  For  d i a tomic  gases  such as 

n i t r o g e n  t h e  molecular  weight i s  2A; however, t h e  number of f r e e  

e l e c t r o n s  p e r  molecule w i l l  b e  22 r e s u l t i n g  i n  t h e  same Z / A  r e l a t i o n -  

s h i p .  The same is  t r u e  of a gas t h a t  is p a r t i a l l y  d i s s o c i a t e d .  

E f f e c t i v e  Z/A va lues  f o r  compounds and mixtures  can be c a l c u l a t e d  

us ing  weight percentage  composition v a l u e s  such a s  a r e  contained i n  

Appendix B .  

The fo l lowing  v a l u e s  are ca l cu la t ed  f o r  c o n s t i t u e n t s :  

Z A /A 

C 6 1 2  0.50 
N 7 14 0.50 
0 8 16  0.50 
A 18 40 0.45 - - 0.50 
c02 

Consider ing c o n t r i b u t i o n  by  weight p e r  cent  of c o n s t i t u e n t s  t h e  

e f f e c t i v e  Z/A f o r  atmospheres of i n t e r e s t  are: 

Ea r th  ' s Atmosphere 0.50 
Mars High N2 0.50 
Mars High A 0.46 
Mars High C 0 2  0.49 

Composition is of l i t t l e  e f f e c t  even f o r  t h e  h igh  argon model. 

Case 11. I n  t h e  case of t h e  e lec t ron-bremss t rah lung  method, 

Ziegier' ') sho.r;.s the Z /A dependence of t h e  s t r e n g t h  of s c a t t e r  s i g n a l .  2 
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2 The e f f e c t i v e  Z /A f o r  c o n s t i t u e n t s  and atmospheres of  i n t e r e s t  a r e :  

C 
N 
0 
A 

E a r t h ' s  Atmosphere 
Mars High N2 
Mars High A i'c 

Mars High C 0 2  

c02 

3 .o 
3 .5 
4 .O 
8.1 
3.7 
3 . 7  
3 . 6  
7 .o 
4.5 

Of t h e s e ,  on ly  t h e  Mars h igh  argon a t m s p h e r e  would lead  t o  extreme 

e r r o r s ,  and i n  t h a t  ca se  t h e  i n t e n s i t i e s  would be n e a r l y  twice  those  

f o r  a high n i t r o g e n  atmosphere,  r e s u l t i n g  i n  c a l c u l a t i o n  of  t oo  h igh  a 

d e n s i t y  by t h e  same f a c t o r .  I n  a p p l i c a t i o n  t h e  e r r o r  would b e  reduced by 

t h e  f a c t  t h a t  t h e  e lec t ron-bremss t rah lung  method i s  intended f o r  low 

d e n s i t y  range measurements a t  h igh  a l t i t u d e s .  A t  such a l t i t u d e s  t h e r e  

i s  most l i k e l y  lesser concen t r a t ion  of t h e  heavy gases  t h a n  found nea r  

t h e  s u r f a c e .  

Absorption E f f e c t .  I n  a d d i t i o n  t o  t h e  above f a c t o r s  , composition 

can in f luence  t h e  amount of s i g n a l  a t t e n u a t i o n  due t o  a b s o r p t i o n  and 

secondary s c a t t e r .  Any such e r r o r s ,  however, are sma l l - - in  most ca ses  

n e g l i g i b l e - - a s  d iscussed  i n  Appendix C ,  and can  be kept  t o  a f u r t h e r  

minimum by t h e  s e l e c t i o n  of proper  o p e r a t i n g  v o l t a g e s  f o r  t h e  r a d i a t i o n  

s o u r c e .  

These cons idera t  ions  i n d i c a t e  t h a t  X-ray b a c k s c a t t e r i n g  as proposed 

w i l l  y i e l d  d e n s i t y  measurements t h a t  a r e  r e l a t i v e l y  independent of 

composi t ion.  The e lec t ron-bremss t rah lung  method, however, i s  more 

s e n s i t i v e  t o  composi t ion.  Obtaining s imultaneous r ead ings  o r  a l -  

t e r n a t i n g  readings by t h e  two methods i n  t h e  t r a n s i t i o n  range near  

High C 0 2  atmosphere assumed t o  c o n t a i n  20% argon a l s o .  9; 
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3 gm/cm would s e r v e  t o  e s t a b l i s h  a c o r r e c t i o n  f a c t o r  f o r  t h e  

e l ec t ron -b remss t r ah lung  method. The f l i g h t  package might a l s o  i n -  

c l u d e  in s t rumen ta t ion  t o  measure composi t ion e i t h e r  i n  f l i g h t  o r  

nea r  t h e  s u r f a c e .  Methods of composi t ional  a n a l y s i s  w i l l  not b e  

d i scussed  i n  t h i s  s t u d y  except  f o r  r e f e r e n c e  t o  a l p h a  s c a t t e r i n g ,  

m a s s  spec t romet r - ,  and gas  chromatography as  some of t h e  methods t h a t  

have been suggested . 

( 1 9 )  

Another i n t e r e s t i n g  p c s s i b i l i t y  is  t h e  use  of X-ray emission 

spec t roscopy (X-ray f luorescence)  t o  de te rmine  t h e  composi t ion d i r e c t l y  

d u r i n g  f l i g h t .  

exci tes  c h a r a c t e r i s t i c  r a d i a t i o n  i n  the atmosphere.  The r a d i a t i o n  

spectrum thus  produced is  analyzed q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  as 

a measure of compos i t ion .  

I n  t h i s  method the pr imary X-ray o r  e l e c t r o n  source  

INSTRUMENTATION 

The Package.--  Table 5 shows estimates of the p h y s i c a l  c h a r a c t e r -  

i s t i c s  of  p o s s i b l e  gauging packages f o r  t e r r e s t r i a l  u s e .  

Table 5 

ESTIMATED CHARACTERISTICS OF POSSIBLE GAUGING PACKAGES 

-~ 

System Weight Vo 1 ume Power 
( Ib )  (cu i n  .) (wat ts)  

Pulsed X-ray ( g r i d  c o n t r o l l e d )  12  25 0 40 

Pulsed X - r a y  ( f i e l d  emission)  18 400 60 

Continuous X-ray 15 5 00 ( b a t t e r i e s ,  5 l b )  

E lc>c t ron-bremss t rah  lung 15 3 60 30 

Continuous X - r a y  combined 
wi th  e l  ec  t ron -b rems s t r ah  lung 20 480 180 



-36-  

These va lues  a r e  g iven  on ly  a s  a n  i n d i c a t i o n  of t h e  range of va lues  

and should not be d i r e c t l y  compared s i n c e :  (1) t h e y  a r e  p r o j e c t e d  and 

es t imated  va lues ,  and ( 2 )  t h e  systems l i s t e d  have not  been normalized 

t o  be equa l ly  e f f e c t i v e  i n  making measurements. 

It i s  reasonable  t h a t  an  X-ray b a c k s c a t t e r  gauge f o r  a Mars miss ion  

could be  cons t ruc ted  weighing 15 t o  20 pounds.  It would occupy a 

volume of about 400 cubic  inches  and r e q u i r e  approximately 100 w a t t s  

of power during t h e  a c t u a l  gauging p e r i o d .  Consider ing t h a t  t h e  same 

d e t e c t o r  s y s t e m  could be used ,  an  e l e c t r o n  source  could be added wi th  

an  est imated weight of 2 t o  5 pounds, depending on whether a separate 

power supply is  u s e d .  The added volume should not  exceed 100 cubic  

inches w i t h  power requirements  of about 10 w a t t s .  

The exact packaging and geometry of  t h e  gauging system can be 

var ied  t o  conform with t h e  o v e r a l l  c h a r a c t e r i s t i c s  of t h e  e n t r y  probe .  

Source and d e t e c t o r  can be i n  s e p a r a t e  packages but  t hey  must be  

mounted i n  cons tan t  and proper  a l ignment .  A source - to -de tec to r  

s e p a r a t i o n  of  approximately two f e e t  would i n s u r e  t h a t  t h e  a c t i v e  gauging 

a r e a  i s  ou t s ide  t h e  shock l a y e r  and would y i e l d  a usab le  s c a t t e r i n g  

s i g n a l  s t r e n g t h .  (Appendix C con ta ins  shock l a y e r  e f f e c t  c a l c u l a t i o n s  .) 

The Source.  The f i n a l  s e l e c t i o n  of a n  X-ray source  w i l l  be 

dependent upon t h e  development and t e s t i n g  o f  p ro to type  gauges.  However, 

i t  i s  appropr i a t e  t o  cons ide r  f a c t o r s  t h a t  would i n f l u e n c e  t h e  s e l e c t i o n .  

Three p r i n c i p a l  f a c t o r s  a f f e c t  t h e  cho ice  of an  o p e r a t i n g  mode: 

(1) t h e  change i n  ambient d e n s i t y  dur ing  t h e  sampling p e r i o d ,  ( 2 )  t h e  

s t a t i s t i c a l  accuracy o f  t h e  measurement of  t h e  s c a t t e r e d  r a d i a t i o n ,  

and ( 3 )  t h e  d a t a  communication requirements  of  t h e  measurements. 
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Taking t h e s e  f a c t o r s  i n t o  cons ide ra t ion ,  a measuremznt pe r iod  of  the  

o rde r  of one second seems the  most f avorab le .  For such a sampling p e r i o d ,  

con t inuous ly  ope ra t ing  X-ray tubes appear  more s a t i s f a c t o r y  than  pulsed 

tubes  i n  terms of ou tput  and s t a b i l i t y .  (Appendix D d i s c u s s e s  the  

s e l e c t i o n  of t he  sampling per iod  and compares the  ou tpu t s  of pulsed and 

cont inuous t u b e s . )  

S e l e c t i o n  of t h e  ope ra t ing  v o l t a g e  f o r  an  X-ray b a c k - s c a t t e r i n g  

system i s  inf luenced  by s e v e r a l  f a c t o r s .  

is r a d i a t i o n  i n  a range of photon e n e r g i e s .  

energy is determined by  t h e  o p e r a t i n g  v o l t a g e .  The lower l i m i t  i s  

determined by t h e  abso rp t ion  o f  t h e  tube envelope t h a t  main ta ins  

vacuum and p e r m i t s  passage of t he  X-rays,  and by a b s o r p t i o n  e f f e c t s  

i n  t h e  o u t s i d e  medium and t h e  d e t e c t o r .  

a g iven  X-ray tube  i s  inc reased ,  t h e  e f f i c i e n c y  o f  X-ray gene ra t ion  

w i l l  i n c r e a s e  i n  an  approximately p r o p o r t i o n a l  ra te  i n  t h e  v o l t a g e  

range of i n t e r e s t .  The e f f i c i e n c y  i s  t h e  r a t i o  of t h e  w a t t s  of  photon 

energy produced t o  t h e  watts of power app l i ed  t o  t h e  t u b e .  The 

e f f i c i e n c y  i s  a l s o  p ropor t iona l  t o  t h e  atomic number of t h e  t a r g e t  

material i n  t h e  X-ray t u b e ,  thus  f avor ing  t h e  use  of t ungs t en  o r  

p la t inum f o r  t h i s  a p p l i c a t i o n .  

The output  of an  X-ray tube  

The upper l i m i t  o f  photon 

A s  t h e  o p e r a t i n g  vo l t age  of  

The inc reased  e f f i c i e n c y  wi th  inc reased  v o l t a g e  r e s u l t s  i n  an  

i n c r e a s e  of  r a d i a t i o n  a t  a l l  photon e n e r g i e s  i n  t h e  range observed a t  

lower v o l t a g e .  I n  a d d i t i o n  the  h i g h e r  vo l t age  produces o t h e r  photons 

of g r e a t e r  energy t h a n  previous ly  observed.  

e n e r g i e s  w i l l  be  a f u n c t i o n  or' Llie zbove pzrazeters p l u s  t hose  

r e l a t i n g  t o  t h e  wave form of  the  h igh  v o l t a g e  c i r c u i t  powering t h e  

t u b e .  

vo l t age  source  w i l l  be powered b y  a m u l t i p l i c i t y  of v o l t a g e s  du r ing  

The d i s t r i b u t i o n  of 

For  example, a tube  ope ra t ing  from an  a l t e r n a t i n g  cu r ren t  , high 



the c y c l e ,  each r e spons ib l e  f o r  a spectrum of r a d i a t i o n  e n e r g i e s .  

Consequently,  t h e  d i r e c t  c u r r e n t  mode o f  o p e r a t i o n ,  o r  c a p i c a t o r  smooth- 

i n g  of input  vo l t age  app l i ed  t o  t h e  t u b e ,  t ends  t o  i n c r e a s e  t h e  e f f i c i e n c y  

and t h e  proport  i on  of h i g h e r  energy r a d i a t i o n s .  

Typica l ly  t h e  photon energy d i s t r i b u t i o n  w i l l  be maximized i n  t h e  

r eg ion  of 1 / 2  t o  2/3  of t h e  m a x i m u m  photon energy.  

of ene rg ie s  from a pulsed tube  w i l l  be v e r y  s e n s i t i v e  t o  t h e  wave 

form of the h igh  v o l t a g e  p u l s e  a p p l i e d .  

‘fie d i s t r i b u t i o n  

I n  a d d i t i o n  t o  t h e  gene ra t ion  of cont inuous o r  bremss t rah lung  

r a d i a t i o n  descr ibed  above, X-ray tubes  may e m i t  c h a r a c t e r i s t i c  rad ia l t ion  

as a r e s u l t  of major energy l e v e l  s h i f t s  w i t h i n  t h e  t a r g e t  atoms. 

However, s i n c e  t h e  tubes  used w i l l  have t a r g e t s  of a h i g h  atomic 

number and t h e  v o l t a g e s  w i l l  not  be apprec i ab ly  above t h e  minimum 

e x c i t a t i o n  p o t e n t i a l  f o r  such r a d i a t i o n  (Tungsten-59 kv ,  Platinum-67 kv 

f o r  K-alpha c h a r a c t e r i s t i c  r a d i a t i o n ) ,  t h e  amount of such c h a r a c t e r i s t i c  

r a d i a t i o n  w i l l  b e  r e l a t i v e l y  s m a l l .  

The s c a t t e r i n g  e f f e c t  w i l l  dec rease  wi th  inc reas ing  photon energy 

i n  a n  o r d e r l y  and known manner i n  accord wi th  s c a t t e r i n g  laws (Appendix C ) .  

The d e n s i t y  gauging suggested h e r e  u t i l i z e s  t h e  incoherent  s c a t t e r i n g  and 

i s  not  a f f e c t e d  by the  coherent  s c a t t e r i n g  t h a t  i s  concen t r a t ed  i n  t h e  

forward d i r e c t i o n .  

The p h o t o e l e c t r i c  abso rp t ion  e f f e c t  i s  most pronounced a t  low 

v o l t a g e s  and f o r  h i g h e r  a tomic number e lements .  However, even i n  the  

case of argon t h e  abso rp t ion  due t o  t h e  p h o t o e l e c t r i c  e f f e c t  w i l l  

produce l i t t l e  a t t e n u a t i o n  except  f o r  photon e n e r g i e s  below 20 kv 

(Appendix C ) .  
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To summarize t h e  s e l e c t i o n  of X-ray o p e r a t i n g  cond i t ions  t h e r e  are  

c e r t a i n  f a c t o r s  t o  be cons idered .  

Fac to r s  f avor ing  h igh  vo l t age  are:  

1. Increased  e f f i c i e n c y  o f  X-ray product ion  
2 .  

3 .  Less p h o t o e l e c t r i c  absorp t ion  i n  t h e  s c a t t e r i n g  medium. 

Decreased abso rp t ion  i n  t h e  tube  envelope ,  v e h i c l e  s k i n ,  
and shock l a y e r  

Fac to r s  f avor ing  lower vol tage  are: 

1. 
2 .  Higher back- sca t t e r ing .  

Lesser  h igh  vo l t age  i n s u l a t i o n  problem 

F i n a l i z a t i o n  of t h e  o p e r a t i n g  package i s  a m a t t e r  r e q u i r i n g  eng inee r ing  

e v a l u a t i o n  and t e s t i n g .  The vo l t age  range between 20 and 100 kv a p p e a r s  

of most p r a c t i c a l  u s e ,  w i th  80 kv a l i k e l y  d e s i g n  p o i n t .  Power t o  

t h e  X-ray tube  o f  about  80 w a t t s  w i l l  produce usab le  i n t e n s i t i e s  and 

would be a d e s i r a b l e  des ign  poin t  i n  view of h e a t  d i s s i p a t i o n  re- 

quirements .  For  a gauging s y s t e m  o p e r a t i n g  i n  a s i n g l e  mode i n  t h e  

range of 10 t o  gm/cm , continuous source  o p e r a t i o n  appears  -3 3 

p r e f e r a b l e  t o  t h e  pulsed mode. 

The Detec tor  

Seve ra l  f a c t o r s  a f f e c t  t h e  accuracy  of t h e  measurement of r a d i a t i o n  

i n t e n s i t i e s .  The t h r e e  p r i n c i p l e  f a c t o r s  are:  

1. The i n t e n s i t y  of t h e  r a d i a t i o n ,  i n  t h i s  case  t h e  s c a t t e r e d  
r a d i a t i o n  reaching  t h e  a c t i v e  volume of t h e  d e t e c t o r  

2 .  The background i n t e n s i t y ,  which has  s e v e r a l  c o n t r i b u t i n g  
sources :  leakage from the  pr imary source  used i n  t h e  d e n s i t y  
a p p a r a t u s ,  from o t h e r  equipment on boa rd ,  and t h e  o u t s i d e  
c o n t r i b u t i o n  from cosmic o r  s o l a r  r a d i a t i o n  

3 .  The t h r e s h o l d ,  l i n e a r i t y ,  and s a t u r a t i o n  c h a r a c t e r i s t i c s  of 
t h e  d e t e c t o r .  

The f i r s t  two f a c t o r s  a r e  more d i r e c t l y  r e l a t e d  t o  t h e  output  of 

t h e  r a d i a t i o n  source  and t h e  geometry of t h e  gauging system t h a n  t o  



t h e  d e t e c t o r  proper .  

background, which i s  b e s t  accomplished wi th  a second d e t e c t o r  l oca t ed  

so as not  t o  r ece ive  t h e  atmospheric  scatter,  b u t  t o  d e t e c t  s t r a y  

r a d i a t i o n  from t h e  source  as w e l l  as t h e  cosmic background. 

i f  a proven source  of v e r y  low o r  known background i s  used a f t e r  proper  

c a l i b r a t i o n  i n  t h e  e a r t h ' s  atmosphere , t h e  second d e t e c t o r  could be  

omi t ted  and t h e  background measured w i t h  t h e  source  o f f .  The necessary  

arrangement would have t o  be  determined expe r imen ta l ly ,  u s ing  t h e  a c t u a l  

gauging system and i t s  geometry. The s t a t i s t i c a l  n a t u r e  of  r a d i a t i o n  and 

t h e  e f f e c t  o f  background on de te rmina t ion  accuracy  i s  d i scussed  i n  

Appendix E. 

However, t h e y  i n d i c a t e  t h e  n e c e s s i t y  of measuring 

A l t e r n a t i v e l y ,  

With an X-ray tube  o p e r a t i n g  a t  80 kv and 1 ma tube  c u r r e n t ,  i t  i s  

expected from p re l imina ry  tes ts  i n  t h e  e a r t h ' s  atmosphere t h a t  a s c a t -  

t e r e d  i n t e n s i t y  of  t h e  o r d e r  of 100 counts  p e r  second would r e s u l t  i n  a 

d e n s i t y  of 10 gm/cm . For  t h e  Mar t ian  s u r f a c e  d e n s i t y ,  t h e  count ing  

ra te  would be expected t o  be lo6  counts  p e r  second o r  h i g h e r  b u t  probably  

not over  l o 7  counts  p e r  second. 

bremsstrahlung s c a t t e r i n g  appa ra tus  could be  cons t ruc t ed  t o  y i e l d  i n t e n -  

s i t i e s  i n  the  same range ,  i n  t h e  d e n s i t y  range of  10 t o  10 gm/cm . 
Photomul t ip l ie r  t ubes  are s e n s i t i v e  d e t e c t o r s  and cover  a wide 

-8 3 

It is  be l i eved  t h a t  t h e  e l e c t r o n -  
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range of  counting ra tes ,  up t o  t h e  o rde r  of l o8  counts  p e r  second. 

They are c u r r e n t l y  i n  use  f o r  o t h e r  space  a p p l i c a t i o n s  and should 

have t h e  proven r e l i a b i l i t y  t o  accomplish t h e  measurements necessary  

i n  t h e  Mart ian probe. 

So l id  s t a t e  d e t e c t o r s  o f f e r  a means of  d e t e c t i n g  h igh  i n t e n s i t y  

sho r t - t ime  b u r s t s  of gamma r a d i a t i o n  and would prove u s e f u l  i f  pulsed 

techniques  were employed . 



Output Informat ion  

The type  and q u a n t i t y  of output in format ion  w i l l  depend upon 

t h e  na tu re  of t h e  d e t e c t o r  c i r c u i t s  used.  

p u l s e s  are produced and sca l ed  t o  a lesser value by t h e  use  of several  

s t a g e s  of b i n a r y  s c a l i n g .  The necessary d a t a  rates t o  send t h i s  

in format ion  back t o  e a r t h  o r  t o  an in t e rmed ia t e  space  v e h i c l e  w i l l  be  

a f u n c t i o n  of t h e  range of  d a t a  and s p e c i a l  f a c t o r s  of change i n  

sou rce  i n t e n s i t y ,  e i t h e r  programmed o r  r e spons ive .  

determining d a t a  requirements  of t h e  output  of t h e  senso r  i s  t o  cons ide r  

t h e  count ing range of 10 t o  10 counts  p e r  second and a count ing 

i n t e k v a l  of one second.  If a l l  counts  were t o  be  s t o r e d  i n  t h e  

b i n a r y  r e g i s t e r s ,  23 r e g i s t e r s  would be  r e q u i r e d .  

w i th  a p r e c i s i o n  of t h e  o r d e r  of 1 p a r t  i n  100, it would be  necessary  

t o  read  ou t  t h e  seven most s i g n i f i c a n t  r e g i s t e r s  f o r  t h e  p a r t i c u l a r  

count .  However, t o  cover  t h e  e n t i r e  range ,  t h e r e  would be  s i x t e e n  

p o s s i b l e  groups of  seven consecut ive r e g i s t e r s .  Carrying t h i s  i n -  

formation would r e q u i r e  4 a d d i t i o n a l  r e g i s t e r s  (24 = 16) f o r  a t o t a l  

of 11 b i t s  f o r  t h e  s i g n a l .  The background count would be lower,  

r e q u i r i n g  an  es t imated  9 b i t s .  

second would r e q u i r e  a b i t  r a t e  of 20 b i t s  p e r  second. 

However, most t y p i c a l l y ,  

One approach t o  

2 7 

To read d a t a  out  

One s i g n a l  and background reading  per  

Other techniques  of  readout a r e  p o s s i b l e  , such as t r a n s m i t t i n g  

frequency informat ion  from s e l e c t e d  r e g i s t e r s  o r  o p e r a t i n g  on a p r e -  

determined count b a s i s .  However, ranging  i s  r equ i r ed  i n  t h i s  ca se  

and a c e r t a i n  b a s i c  b i t  r a t e  is necessa ry  t o  achieve  t h e  d e s i r e d  

degree  of accuracy.  

b i t s  pe r  second necessary  t o  c a r r y  t h e  r equ i r ed  informat ion  f o r  1 

deterni inat  i on  p e r  second. 

Such o the r  methods a l s o  i n d i c a t e  a ra te  of 20 

(19) One improvement t h a t  has  been suggested 



-42- 

i s  t h e  use o f  square  root  conve r t e r s  i n  t h e  count ing  c i r c u i t s .  With 

on ly  a s l i g h t  i n c r e a s e  i n  e r r o r  over  t h e  s t a t i s t i c a l  e r r o r ,  t h e  number 

o f  b i t s  can be reduced by a f a c t o r  of  2.  

r a t e s  f u r t h e r ,  i f  necessa ry  t h e  background could be read  l e s s  f r e q u e n t l y .  

A s  a method of reducing  b i t  

Since a t  h igh  count ing rates more counts  w i l l  b e  accumulated i n  

a one-second i n t e r v a l  t h a n  are necessary  f o r  reasonable  s t a t i s t i c a l  

accuracy ,  it would be p o s s i b l e  t o  count f o r  lesser t i m e  o r  t o  t i m e  a 

f i x e d  t o t a l  count .  Such methods would r e q u i r e  a d d i t i o n a l  f l e x i b i l i t y  

i n  t h e  system, e i t h e r  programmed o r  r e spons ive ,  s i n c e  longer  t i m e s  

would be  needed f o r  t h e  low response from areas of low atmospheric  

d e n s i t y .  Because of t h e  remoteness of  t h e  experiment i n  t h e  Mar t i an  

atmosphere,  t h e  equipment should be designed t o  o p e r a t e  wi th  an a b s o l u t e  

m i n i m u m  of such ranging o r  mode changing. 

EXPECTED ACCURACY OF GAUGING 

The accuracy of t h e  d e n s i t y  de t e rmina t ions  w i l l  b e  inf luenced  by 

t h e  fol lowing f a c t o r s  , which have been  p r e v i o u s l y  d i scussed :  

1. Accuracy o f  i n t e n s i t y  measurement 

2 .  V a r i a t i o n  i n  composition of s c a t t e r i n g  medium 

3 .  Densi ty  changes du r ing  t h e  sampling p e r i o d .  

Add i t iona l  f a c t o r s  a r e  r e l a t e d  t o  t h e  equipment: 

1. S t a b i l i t y  of t h e  r a d i a t i o n  source  

2. S t a b i l i t y  and response of t h e  d e t e c t o r .  

Considering t h e  p re sen t  s t a t e  of exper imenta l  work and t h e  p o s s i b l e  

improvements i n  techniques  and c o n s t r u c t i o n ,  t h e  fo l lowing  a c c u r a c i e s  

appear  f e a s i b l e  f o r  gauging t h e  Mar t ian  atmosphere by t h e  r a d i a t i o n  

method. 
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Method Accuracy Range 3 Densi ty  i n  gm/cm 

10- l2  t o  Electron-brems - 10 t o  20% 
s t rah lung s c a t  t e r 

to X-ray s c a t t e r  10 t o  20% 

to X-ray s c a t t e r  5 t o  10% 

It should be recognized t h a t  t h e  above va lues  of accuracy a r e  

e s t ima ted  f o r  a system ope ra t ing  under dynamic cond i t ions  of Mar t ian  

f l i g h t  as c o n t r a s t e d  t o  a l abora to ry  s i t u a t i o n  i n  which 1 per  cent 

accuracy might be a t t a i n a b l e .  

e n t r y  modes can improve t h e  accuracy. 

f l i g h t  mode, t h e  v e r t i c a l  descent  r a t e  were as low as, say  2000 t o  3000 

f e e t  p e r  second, t hen  i n  t h e  10 t o  10 gm/cm d e n s i t y  r eg ion ,  accuracy 

could be improved. By al lowing a longer  time f o r  measurement o r  by 

g i v i n g  an increased  number of de t e rmina t ions ,  t h e  accuracy could be 

w i t h i n  t h e  5 t o  10 p e r  cent  range s t a t e d  f o r  t h e  r eg ion  of g r e a t e r  

d e n s i t y .  

F u r t h e r ,  t h e  s e l e c t i o n  and refinement of 

For example, i f  by c o n t r o l  of 

-8 -7 3 
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V I .  RECOMMENDED AREAS O'? DEVELOPMENT 

Th i s  s e c t i o n  sugges t s  some areas of r e s e a r c h  and development f o r  

op t imiz ing  t h e  r a d i a t i o n  gauging method fsr  u s e  i n  t h e  Mar t ian  atmosphere.  

C e r t a i n  engineer ing  a s p e c t s  of i n s t rumen ta t ion  development and t e s t i n g  

a re  a l s o  s t r e s s e d  a s  those  most c r i t i c a l  t o  t h e  s u c c e s s f u l  o p e r a t i o n  of 

t he  system under Mar t ian  f l i g h t  c o n d i t i o n s .  

0 t imiza t ion  of Opera t ing  C3ndit ions P--- ----- 

A c r i t i c a l  experimental  i n v e s t i g a t i o n  should  be made of t h e  opt imal  

X-ray ope ra t ing  v o l t a g e  f o r  t h e  b a c k s c a t t e r  d e n s i t y  gauging method. 

Th i s  would inc lude  s tudy  of s c a t t e r i n g  i n t e n s i t y  as a func t ion  of 

vo l t age ,  poxer i n p u t ,  and power supply  gave form. To d a t e ,  work w i t h  

s i m i l a r  systems has  been i n  t h e  low vo l t age  range of 5 t o  20 lcv and i n  

the  h ighe r  vo l t age  range of 80 kv and above. W h i l e  a n a l y t i c a l  con- 

s i d e r a t i o n s  tend t o  favor  ope ra t ion  i n  t h e  h i g h e r  vo l t age  range ,  i t  i s  

important  t h a t  t h e  e n t i r e  range be c a r e f u l l y  i n v e s t i g a t e d  expe r imen ta l ly  

t o  f i n d  t h e  p o i n t  of opt imal  s c a t t e r i n g  r e sponse .  Th i s  i s  important  

because opera t ion  a t  h ighe r  vo l t ages  r e q u i r e s  more a t t e n t i o n  t o  in -  

s u l a t i o n  problems and m l i s t  be f u l l y  j u s t i f i e d  i n  terms of  h ighe r  i n -  

t e n s i t i e s  y i e ld ing  inc reased  accuracy o f  range o f  t h e  appa ra tus .  An 

e v a l u a t i o n  of  t he  poiJer s u p p l i e s  m i s t  a l s o  be made i n  terms of r e l i a b i l i t y  

of ope ra t ions ,  which i s  t h e  m 3 s t  impor tan t  c r i t e r i o n  f o r  Mar t ian  f l i g h t .  

Range Extension - 
The e lec t ron-bremss t rah lung  method should  be eva lua ted  more ex ten-  

s i v e l y  t o  determine opt imal  ope ra t ing  c o n d i t i o n s  and t h e  f e a s i b i l i t y  

of range ex tens ion  t o  ove r l ap  wi th  the  X - r a y  b a c k s c a t t e r  method. This  
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- 8  3 
over l ap  would app ly  i n  t h e  c r i t i c a l  range of 10 t o  gm/cm i n  which 

t h e  X-ray response i s  low. The use of  h ighe r  v o l t a g e s  and c u r r e n t s  may 

be p r a c t i c a l  f o r  t h e  ope ra t ion  of t he  e l e c t r o n  beam i n  t h a t  d e n s i t y  

range ,  cons ide r ing  t h a t  t h e  Mart ian atmosphere i s  probably  l a c k i n g  i n  

oxygen. Th i s  would l e s s e n  t h e  problems of f i l amen t  burnout  and 

ca thode  poisoning  t h a t  a re  encountered i n  t h e  t e r r e s t r i a l  atmosphere 

a t  s imi l a r  d e n s i t i e s .  

Pulsed  X-Ray A p p l i c a b i l i t y  

Although a t  t h e  p r e s e n t  s t a t e  of development pulsed  techniques  do 

not  appear  as a t t r a c t i v e  f o r  gauging t h e  Mar t ian  atmosphere a s  do 

convent iona l  X-ray sources ,  it m u s t  be cons idered  t h a t  t h i s  e v a l u a t i o n  

i s  made i n  terms of a r e l a t i v e l y  long pe rmis s ib l e  sampling pe r iod  of 

t h e  o rde r  of one second. I f  t h e  need should a r i s e  f o r  more r a p i d  

sampling,  o r  i f  s u f f i c i e n t  technologica l  advances a re  made i n  pulsed  

t echn iques ,  t hen  t h e i r  use could become more a t t r a c t i v e .  F o r  t h i s  

r eason  some f u r t h e r  i n v e s t i g a t i o n  of  pu lsed  techniques  on an  expe r i -  

mental  b a s i s  i s  warran ted  t o  provide an  a l t e r n a t e  method. 

X-Ray Spectroscopy 

The a n a l y s i s  of  t h e  Martian atmosphere by X-ray emiss ion  s p e c t r o -  

scopy,  which has  not  been covered i n  t h i s  s tudy ,  is a t t r a c t i v e  i n  t h a t  

composition d a t a  and d e n s i t y  da ta  could b e  obta ined  s imul t aneous ly .  

r a d i a t i o n s  c h a r a c t e r i s t i c  of the atmospheric  const i t u e n t s  a r e ,  however , 

of long wavelength and low p e n e t r a t i n g  power, t h u s  r e q u i r i n g  c a r e f u l  

i n v e s t i g a t i o n  of techniques  and in s t rumen ta t ion  s u i t a b l e  f o r  r e i i a b i e  U I L -  

a t t e n d e d  o p e r a t i o n .  Such methods are not  as s imple  and not  as w e l l  

The 
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advanced i n  development as t h e  d e n s i t y  gauging procedures  b u t  a re  

a t t r a c t i v e  as an  area f o r  r e s e a r c h ,  perhaps o r i e n t e d  t o  l a t e r  f l i g h t s .  

Source Power Cons idera t ions  - 
Since t h e  Mart ian f l i g h t  w i l l  r e q u i r e  t h a t  t h e  X-ray tube be 

energ ized  a f t e r  s e v e r a l  months of i n - t r a n s i t  f l i g h t ,  t h e  swi t ch ing  

c i r c u i t s  m u s t  be r e l i a b l e .  The c i r c u i t s  should  a l s o  be capable  of 

p r o t e c t i n g  t h e  tube and t h e  power supply  from f a i l u r e  due t o  any s h o r t i n g  

t h a t  could occur  fo l lowing  t h e  i n a c t i v a t i o n  p e r i o d .  A g e t t e r  system i n  

the  X-ray tube f o r  removing any accumulated gases  i s  a l s o  a d v i s a b l e .  

Opera t ion  of t h e  X-ray tube  a t  a low l e v e l  of o J t p u t  du r ing  t h e  f l i g h t ,  

which would conserve power while  keeping t h e  tube  i n  o p e r a t i n g  c o n d i t i o n ,  

should a l s o  b e  cons ide red .  T r a n s i t  du r ing  s e v e r a l  months and ope ra t ion  

of t h e  high vo l t age  equipment i n  a vacuum environment r e q u i r e  s p e c i a l  

c o n s i d e r a t i o n  of i n s u l a t i o n  m a t e r i a l s .  Conductive pa ths  o u t s i d e  t h e  

tube  t h a t  might l ead  t o  h igh  v o l t a g e  d i s c h a r g e  must be e l i m i n a t e d .  

The use  of s o l i d  p o t t i n g  compounds appears  d e s i r a b l e  

R a d i a t i o n  Detec tors  

The d e t e c t o r s  m u s t  f unc t ion  p rope r ly  over a wide range of s c a t t e r e d  

i n t e n s i t i e s .  I n  a d d i t i o n  i t  may be necessa ry  and a d v i s a b l e  t o  develop 

ranging  methods f o r  t h e  sou rce  t o  keep i n t e n s i t i e s  w i t h i n  d e t e c t a b l e  and 

r eco rdab le  l e v e l s .  Advances i n  d i s c r i m i n a t i o n  c i r c u i t s  t o  reduce t h e  

background count w i l l  be h e l p f u l  i n  i n c r e a s i n g  t h e  accuracy  of  d e n s i t y  

de te rmina t ion .  Mechanical X-ray f i l t e r s  may a l s o  be advantageous i n  

ranging  and i n  d i s c r i m i n a t i n g  a g a i n s t  unwanted r a d i a t i o n .  
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Rela t ed  T e r r e s t r i a l  I n v e s t i g a t i o n s  -- 
I t  i s  important  t h a t  t e s t s  i n  t h e  e a r t h ' s  atmosphere be used t o  

e v a l u a t e  the  accuracy and r e l i a b i l i t y  of  bo th  the  method and p a r t i c u l a r  

hardware systems t h a t  a r e  developed. Such t e s t s  w i l l  a l s o  provide  the  

necessary  c a l i b r a t i o n  d a t a  b e t t e r  t han  t e s t s  done i n  space  chambers 

where wa l l  e f f e c t s  prove t roublesone .  
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V I I .  CONCLUSIONS 

The purpose of t h i s  s tudy  w a s  f i r s t  t o  e v a l u a t e  r a d i a t i o n  gauging 

methods as t h e y  could be app l i ed  du r ing  e n t r y  of an  unmanned probe t o  

measure t h e  d e n s i t y  of  t h e  Mart ian atmosphere,  and ,  s econd ly ,  t o  po in t  

o u t  which of t h e s e  methods appears  b e s t  s u i t e d  f o r  e a r l y  f l i g h t s .  

Except f o r  i t s  remoteness and t h e  unknown f a c t o r s  i n  composi t ion,  

t h e  Mart ian atmosphere p r e s e n t s  a gauging problem q u i t e  s imilar  t o  

t h a t  of gauging t h e  d e n s i t y  of the e a r t h ' s  atmosphere from a r a p i d l y  

moving veh ic l e .  Theref o r e ,  we have based ou r  eva lua t  i o n  o n  p r o j  ect  ions  

and es t imated  of r a d i a t i o n  gauging techniques  c u r r e n t l y  used i n  the 

terrestr ia l  atmosphere. 

O f  t h e  several r a d i a t i o n  gauging techniques  now a v a i l a b l e  t h e  

use  of  X-ray b a c k s c a t t e r i n g  w i t h  an  e l e c t r i c a l l y  genera ted  cont  i nous ly  

o p e r a t i n g ,  sou rce  of  r a d i a t i o n  appears  t o  be t h e  most promising f o r  

gauging t h e  d e n s i t y  of t h e  atmosphere i n  t h e  10 t o  10 gm/cm range.  -8 -3 3 

X-ray b a c k s c a t t e r i n g  has c e r t a i n  d e f i n i t e  advantages:  

o High i n t e n s i t y ,  y i e l d i n g  h i g h e r  scatter count and b e t t e r  
s t a t i s t i c a l  accuracy 

o An e a s i l y  c o n t r o l l e d  on-off mode, r e q u i r i n g  no s h i e l d i n g  
f o r  t h e  ground crew dur ing  i n o p e r a t i v e  pe r iods  

o No p o s s i b l e  r a d i a t i o n  contaminat ion  of  t h e  Mart ian s u r f a c e  

o Minimal shock l a y e r  i n t e r f e r e n c e  

o The energy  l e v e l  of t h e  source  i s  e a s i l y  t a i l o r e d  t o  t h e  
method s i n c e  input  i s  cont inuous ly  v a r i a b l e  

o The r a d i a t i o n  source  can be turned  o f f  comple te ly  so as n o t  
t o  i n t e r f e r e  wi th  measurements of  o t h e r  r a d i a t i o n  e f f e c t s  

o The s h i e l d i n g  weight f o r  s t r a y  r a d i a t i o n  is minimized. 
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Use of an e l e c t r o n  beam, genera t ing  s o f t  X-rays (bremss t rah lung) ,  

i s  recommended a s  an a u x i l i a r y  technique f o r  gauging i n  t h e  range of 

3 -7 t o  gm/cm , wi th  a poss ib l e  ex tens ion  t o  10 gm/cm3, which 

would ove r l ap  t h e  X-ray range. 

A t  t h e  p re sen t  t ime we can make t h e  fo l lowing  e s t i m a t e s  f o r  t h e  

X-ray gauging package: 

Weight. . . . . . . . . . . . . . .  15 t o  20 l b  
Volume. . . . . . . . . . . . . . .  400 cu i n .  
Power . . . . . . . . . . . . . . .  100 w a t t s  
Data r a t e  . . . . . . . . . . . . .  20 b i t s  p e r  de t e rmina t ion ;  

one de te rmina t ion  p e r  
s e cond 

The i n c l u s i o n  of  t h e  e l e c t r o n  beam source  i n  t h e  package would 

add : 

Weight. . . . . . . . . . . . . . .  2 t o  5 l b  
Volume. . . . . . . . . . . . . . .  100 cu i n .  
Power . . . . . . . . . . . . . . .  10 w a t t s  .L 

Data r a t e  . . . . . . . . . . . . .  20 b i t s  p e r  second 

Gauging accuracy w i l l  be inf luenced by t h e  s e l e c t i o n  of t h e  f l i g h t  

mode because of t h e  e f f e c t  t h a t  v e r t i c a l  v e l o c i t y  has  on t h e  change of 

d e n s i t y  dur ing  t h e  sampling and measurement pe r iod .  The p a r t i c u l a r  

i n s t rumen ta t ion  des ign  w i l l  also a f f e c t  accuracy because of  i t s  i n -  

f luence  on t h e  s t r e n g t h  of t h e  response s i g n a l .  A t  t h e  p re sen t  s t a t e  

of development, t h e  fo l lowing  accurac ies  appear r e a l i s t i c  f o r  r a d i a t i o n  

gauging of t h e  Mar t ian  atmosphere i n  unmanned f l i g h t :  

-.. 
It i s  not expected t h a t  the two methods would have s imultaneous 

output  except  perhaps i n  the  range of t o  gm/cm3. 
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Densi ty  

b m / c m 3  ) Met hod Accuracy 

10-l2 t o  Elect ron-bremss t rah lung  10 t o  20% 

to X-ray b a c k s c a t t e r  ing 10 t o  20% 

t o  X-ray b a c k s c a t t e r i n g  5 t o  10% 

Cer ta in  areas of research must be more f u l l y  i n v e s t i g a t e d  b e f o r e  

a f i n a l  choice of a gauging system can be made. 

d e t e r m i n a t i o n  of the o p t i m a l  X-ray o p e r a t i n g  v o l t a g e  as  w e l l  as a 

p o s s i b l e  e x t e n s i o n  of the range of the  e lec t ron-bremss t rah lung  method 

These i n c l u d e  t h e  

and f u r t h e r  s t u d y  of  pu lsed  techniques .  I n  a d d i t i o n ,  i n  r e l a t i o n  

t o  t h e  engineer ing  a s p e c t s  of t h e  d e s i g n  and t e s t i n g  of  gauging systems,  

f u r t h e r  work needs t o  be done i n  t e s t i n g  X-ray o p e r a t i n g  r e l i a b i l i t y  

a f t e r  t he  t r a n s i t  p e r i o d ,  high v o l t a g e  i n s u l a t i o n  methods, and t h e  

adequacy of d e t e c t o r  and source  r ang ing .  I t  should  f u r t h e r  be s t r e s s e d  

t h a t  t e s t i n g  i n  t h e  e a r t h ' s  atmosphere i s  most important  t o  determine 

the r e l i a b i l i t y  and accuracy o f  techniques .  

Although i t  i s  no t  a p r e r e q u i s i t e  t o  s u c c e s s f u l  d e n s i t y  gauging, 

t h e  i n v e s t i g a t i o n  of  X-ray emission spec t roscopy could  prove u s e f u l  t o  

p e r m i t  a p o s s i b l e  s imultaneous d e t e r m i n a t i o n  of a tm3spheric  composi t ion 

and d e n s i t y .  

Continued work o n  t e r r e s t r i a l  a tmospheric  d e n s i t y  gauging should 

c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  Mar t ian  e f f o r t .  I t  i s  impor tan t ,  

however, t h a t  a d d i t i o n a l  programs d i r e c t l y  o r i e n t e d  t o  t h e  Mars miss ion  

be i n i t i a t e d .  
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Mart ian  Atmospheres as Conpared t o  Ea r th  Atmosphere a 
- 

3 Densi ty  (gm/cm ) 
ALT ALT 
KM - 
0 
2 
4 
6 
8 
10 
14 
18 
22 
26 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 

, K  ft> - 
0 
6.6 
13.1 
19.7 
26.3 
32.8 
45.9 
59.1 
72.2 
85.3 
98.4 
.31.2 
.64.0 
-96.9 
!29.7 
!62.5 
!95.3 
128.1 
160.9 
193.7 
~26.5 
t59.3 
+92.1 
a 
The 

b 
- 10 mb 

1.82~10-~ 
1.64 
1.48 
1.33 
1.19 
1.06 

6.17 
4.04 
2.65 
1.73 
1.10 
2.04 
6.90~10-~ 
2.32 
7.7 2x10- 
2.55 
8.35xlO-'O 
2.71 11 
8.70~10- 
2.77 12 
8.74~10- 
2.73 

8. 19x10-6 

--- 

20 mb ._ 
3.634~10-~ 
3.289 
2.965 
2.661 
2.377 
2.111 
1.637 
1.233 
8.084~10- 
5.294 
3.463 
2.192 
4.071~10-~ 
1.379 
4.633~10-~ 
1.543 
5.098~10-~ 
1.669 
5.414~10-~' 
1.740 11 
5.540~10- 
1.747 
5.453~10-l~ 

. _ -  

85 mb - 
1.186~10-~ 
1.098 
1.015 
9.351~10-~ 
8.596 
7.879 
6.420 
5.181 
4.135 
3.260 
2.536 
1.143 
5.175~10-~ 
2.354 
1.076 
4.939~10-~ 
2.278 
1.055 

2.295 
1.077 
5.080~10- 
3.494 

4. 911x10-8 

133 mb 

1. 4 9 x W 4  
1.40 
1.31 
1.22 
1.14 
1.06 
8. ~ I X ~ O - ~  
7.13 
5.84 
4.78 
3.92 
2.38 
1.44 
8.7 6x1 0- 
5.24 
3.11 
1.30 
9. ~ ~ x I O - ~  
5.91 
3.82 
2.47 
1.73 
1.17 

U.S. S t d ,  

1.225~10-~ 
1.007 
8.194~10-~ 
6.601 
5.252 
4.135 
2.779 
1.217 
6.451~1O-~ 
3.426 
1.841 - 

3.996~10- 
1.027 
3.059~10-~ 
8.7 54x1 0-  
1.999 
3 . 1 7 0 ~ 1 0 - ~ ~  
4.974~10-~~ 
9.829~10- 
2.436 
7.589~10-l~ 
3.394 
1.836 

Atmosphere - - 

sources  f o r  t he  atmospheric models a r e :  10 mb, Ref. 3; 
20 mb, Ref.  20; 85 mb, Ref.  20;-133 mb, Ref.  21; U.S. s'td. Atmosphere, 
Ref. 22. 

of Kaplan e t  al.,(3) of a poss ib l e  10 mb lower l i m i t  f o r  t h e  s u r f a c e  
p r e s s u r e  of the  Mar t ian  atmosphere. A p r e s s u r e  t h a t  low would r e p r e s e n t  
an  atmosphere of very unusual composition, e . g . ,  60 per  c e n t  C 0 2 ,  and 
would not  lend  i t s e l f  t o  ex tens ion  t o  g r e a t e r  a l t i t u d e s  by the  method 
used f o r  models of h ighe r  pressure. (7)  
a p o s s i b l e  lower l i m i t ,  it has been assumed t h a t  t h e  a l t i t u d e - d e n s i t y  
f u n c t i o n  would fol low the  S c h i l l i n g  20 mb atmosphere.  A l l  d e n s i t i e s  f o r  
t h e  10 mb model have been taken a s  one -ha l t  t h e  S c h i l l i n g  20 mb va lues .  
While not  a r igo rous  s o l u t i o n ,  these va lues  form a reasonable  lower l i m i t  
f o r  d e n s i t i e s  t o  be encountered in  t h e  Mar t ian  atmosphere.  

bThe 10 mb d a t a  are  s e t  a s  a lower l i m i t  based on t h e  p r o j e c t i o n  

To e s t a b l i s h  t h e  10 mb d a t a  as 
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Appendix B 

COMPOSITION OF SOME PROPOSED MARTIAN ATMOSPHERES 

(3 ) 
- MARS-10 mb 

Mo 1 - 
mb - F r a c t i o n  M. W .  W t  /Mol 

6 .6 44.010 26.406 
2 - 2  39.944 7.988 
2 .2 28.016 5.603 

Mol W t  = 39.997 

c02 

N2 

A 

(3 1 MARS-25 mb 

4 
19 

2 

c02 

N2 

A 

4 
2 c02 A 

19 N2 

3 
19 
18 

c02 

N2 

A 

3 
2 

38 

c02 

N2 

A 

.16 44.010 7 .OS 

.76 39.944 30.35 

.08 28.016 2.24 

Mol W t  = 39.64 

.16 44.010 7.05 

.08 39.944 3.19 

.76 28.016 21.29 

Mol W t  = 31.43 

(3 ) MARS-40 rnb 

.08 44.010 3 .52 

.47 39.944 18.77 

.45 28.016 12.61 

.07 

.05 

.88 

Mol W t  = 34.90 

44.010 3.08 
39.944 2.00 
28.016 24.65 

Mol W t  = 29.73 

W t %  - 
66 .O 
20 .o 
14 .O 

100 .O% 

17.8 
76.5 
5 .7  

100 .O% 

22.4 
10.1 
67.5 

100 .O% 

10.1 
53.8 
36.1 

100 .O% 

10.4 
6.7 

82.9 
- 

100 .O% 



Mo 1 
F r a c t i o n  W t %  - M .  W .  W t  /Mo 1 

.3 

A 1 . 2  
c02 44.010 .13 

39.944 .48 

28.016 27.60 

.5 

1 . 7  

97 .8  98.5 N2 

Mol W t  = 28 .21  100 .o% 

EARTH-AIR 

*2 

O2  

c02 

A 

.7809 

.2095 

.0093 

.0003 

28.016 21.878 

32 .OOO 6.704 

39.944 .371 

44.010 .013 

75.53 

23 15 

1 .28  

.04 

Mol W t  = 28.966 1oc .oo% 
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Appendix C 

ABSORPTION AND SCATTERING EFFECTS FOR X-RAYS - 

The t o t a l  a t t e n u a t i o n  of  X-rays by matter i s  a combination of  

several  e f f e c t s :  

1. Coherent s c a t t e r i n g  i n  which t h e  energy  of t h e  photon 

remains t h e  same bu t  t h e  d i r e c t i o n  i s  changed 

2 ,  Incoherent  s c a t t e r i n g  i n  which t h e  s c a t t e r e d  photon 

h a s  l esser  energy and i s  a l s o  changed i n  d i r e c t i o n  

3 .  P h o t o e l e c t r i c  a b s o r p t i o n  i n  which t h e  photon i s  

e n t i r e l y  absorbed wi th  r e l ease  of an e l e c t r o n  c a u s i n g  

i o n i z a t i o n  

4 .  Pai r  p roduc t ion  i n  which an  e l e c t r o n - p o s i t r o n  p a i r  

i s  produced. Th i s  occurs  on ly  a t  photon e n e r g i e s  

i n  excess  o f  one m i l l i o n  e l e c t r o n  v o l t s  and has  no 

e f f e c t  i n  t h e  gauging a p p l i c a t i o n .  

The e f f e c t s  above a re  a d d i t i v e  t o  produce t h e  T o t a l  Absorption 

C o e f f i c i e n t .  The r e l a t i v e  i n t e n s i t i e s  of t h e  e f f e c t s  are  func t ions  

of  the photon energy and atomic number of the  s c a t t e r i n g  element. 

fo l lowing  t a b u l a t i o n s  i n  t h e  range of  i n t e r e s t  i n  t h e  gauging 

a p p l i c a t i o n  have been abr idged  and r e c a l c u l a t e d  from a s t a n d a r d  

r e f e r e n c e  ( 2 3 ) 0  

f ac i 1 i t  a t e  comparison w i  t h  t h e  t o t a  1 a b s o r p t i o n  c o e f f i c i e n t  . 

The 

2 All c r o s s  s e c t i o n s  have been expres sed  i n  c m  /gm t o  
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NITROGEN 
Tot a1 

Phot on Coherent Incoherent  Photo e le c t r i c Absorpt ion 
Energy S c a t t e r i n g  Sca t e r i n g  Abso r p t  i o n  Coef f i c i en t  
KEV (cm2/gm) (cm /w> ( cm2 /gm) (cm2 /gm) 

5 

10 

20 

30 

40 

50 

60 

80  

100 

.193 

.060 

.029 

.017 

.009 

.007 

.005 

.004 

.193 

.186 

.180 

.174 

.169 

.164 

.156 

.148 

3.41 

.353 

.092 

.035 

.016 

.009 

.003 

.002 

3.80 

.60 

.301 

.226 

.194 

.180 

.164 

.154 

ARGON 

Photon Coherent Incoherent  
T o t a l  

P h o t o e l e c t r i c  Absorpt ion 
Energy S c a t t e r i n g  S c a t t e r i n g  Absorpt ion C o e f f i c i e n t  

10 .67 .17 64.5 65.4 

20 .255 .168 8.46 8.88 

30  .124 .162 2.47 2.76 

40 .081 .157 .973 1.21 

50 .053 .152 .477 .682 

60 .039 .148 .272 .459 

80 .021 .140 .110 .271 

100 .015 .134 .054 .203 
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Examining t h e  t a b u l a t i o n s  we note :  

1. The p h o t o e l e c t r i c  abso rp t ion  i s  much g r e a t e r  f o r  t h e  

h ighe r  atomic number element.  

2. With i n c r e a s i n g  vo l t age  t h e  incohe ren t  s c a t t e r i n g  

becomes t h e  p r i n c i p a l  f a c t o r  of a t t e n u a t i o n .  

I n  t h e  gauging a p p l i c a t i o n  t h e  incohe ren t  s c a t t e r i n g  c r o s s  s e c t i o n  

i s  t h e  c r i t i c a l  term i n  cons ide r ing  s c a t t e r i n g  response.  The o t h e r  

e f f e c t s  and incoherent  s c a t t e r i n g  o u t s i d e  t h e  a c t i v e  volume w i l l  pro-  

duce a t t e n u a t i o n  of t h e  i n c i d e n t  beam and a t t e n u a t i o n  of t h e  s c a t t e r e d  

r a d i a t i o n  w i t h i n  t h e  angle  of d e t e c t i o n .  The n e t  r e s u l t  of such 

processes  can be cons idered  t o  dec rease  t h e  response accord ing  t o  t h e  

abso rp t ion  equat ion  

i n  which Io = I n c i d e n t  i n t e n s i t y  

I = Transmi t ted  i n t e n s i t y  

E 
P 

p 

x = Path  l e n g t h  i n  c m  

2 
= Mass abso rp t ion  c o e f f i c i e n t  (cm /gm) 

= Densi ty  of abso rb ing  medium(gm/cm3) 

The abso rp t ion  w i l l  be very  small  i n  t he  system under c o n s i d e r a t i o n  

except  for  argon a t  very low vol tage .  The q u a n t i t a t i v e  e f f e c t  of  

abso rp t ion  i s  c a l c u l a t e d  below. 

Shock Layer E f f e c t s  

I n  cons ider ing  t h e  b a c k s c a t t e r  gauging method it i s  a p p r o p r i a t e  

t o  c a l c u l a t e  t he  p o s s i b l e  a t t e n u a t i o n  due t o  a b s o r p t i o n  of t he  i n c i d e n t  

beam and t h e  s c a t t e r e d  r a d i a t i o n  i n  t h e  shock l a y e r .  
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For the  c a l c u l a t i o n  the  fol lowing cond i t ions  a r e  assumed: 

1. A source - to -de tec to r  s e p a r a t i o n  d i s t a n c e  of 2 4  inches  

2 .  Backsca t te r  a t  120' 

3 .  A shock l a y e r  d e n s i t y  6 t imes ambient 

4.  A shock l a y e r  t h i ckness  of 3 inches  

F igu re  8 i l l u s t r a t e s  the  geometry of  s c a t t e r i n g  under shock l a y e r  con- 

d i t i o n s .  

cen te red  about t he  s c a t t e r i n g  cen te r  shown. The t o t a l  d i s t a n c e  the  

r a d i a t i o n  w i l l  t r a v e l  i s  48 inches o r  1 2 2  cm. The e f f e c t  of shock 

l a y e r  abso rp t ion  i s  t o  i n c r e a s e  the t o t a l  e f f e c t i v e  pa th  l eng th .  

a c t u a l  d i s t a n c e  t r a v e l e d  i n  one th ickness  of shock l a y e r  i s   COS 30' = 

3 . 4 5 " .  The e f f e c t i v e  path i n  shock l a y e r  w i l l  be 6 x 2 x 3 . 4 5  i n .  o r  

41.5 i nches .  The pa th  l eng th  i n  ambient atmosphere w i l l  be 

2 ( 2 4 - 3 . 4 5 )  = 4 1 . 1  inches .  T o t a l  e f f e c t i v e  pa th  l eng th  i s  8 2 . 6  inches 

or  210 cm i n  t h e  case  involv ing  shock l a y e r .  

The beam w i l l  be d ivergent  bu t  cons idered  a s  an average e f f e c t  

The 

The shock l a y e r  abso rp t ion  e f f e c t  w i l l  be r e l a t e d  t o  t h e  a t t e n u -  

a t i o n  of 210 cm of ambient atmosphere a s  compared t o  a 1 2 2  cm pa th  

l eng th .  
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Fig. 8-X-ray back-scattering under shock layer conditions 
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0 

.168 

.189 

.208 

.842 

5.93 

IJJ (22) Values of - f o r  e lements  of i n t e r e s t  are  t a b u l a t e d  below 
P 

MASS ABSORPTION COEFFICIENTS 
2 

P/P (cm /gm) 

A 

.271 

.459 

.682 

8.88 

65.4 

Photon 
Energy 

80 KV 

60 KV 

50 KV 

20 KV 

10 KV 

N 

.164 

.180 

.194 

.600 

3.80 

C 

.161 

.174 

.185 

.429 

2.28 

deVaucouleurs - 85 mb 
(High Nitrogen)  

.167 

.187 

.202 

.742 

Mass a b s o r p t i o n  c o e f f i c i e n t s  f o r  mixtures  a r e  c a l c u l a t e d  by t h e  sum- 

Kaplan-25 mb 
(High Argon) 

.246 

.3 94 

.569 

6.95 

mation of  i n d i v i d u a l  c o e f f i c i e n t s  m u l t i p l i e d  by weight  f r a c t i o n s .  

4.85 

Photon 
Energy 

80 KV 

60 KV 

50 KV 

20 KV 

10 KV - 51.2 

For  a very  w o r s t  case c o n d i t i o n ,  c o n s i d e r  r a d i a t i o n  of 10 KV and t h e  

Kaplan h igh  argon atmosphere a t  an ambient d e n s i t y  of 
3 

gm/cm . 
For non-shock l a y e r  c o n d i t i o n s  (122 c m  p a t h  l e n g t h )  

-51.2 122  - I I  = =P - .94 I 
0 

For  shock l a y e r  c o n d i t i o n s  (210 c m  e f f e c t i v e  p a t h  l e n g t h )  
-5  I -51.2 x 10 x 210 = .89 IT = exp 

L 
0 

m. ine e i f e c t  of  the s h x k  l a y e r  i s  a n  a b s o r p t i o n  of o n l y  5% over  t h a t  of 

non-shock l a y e r  c o n d i t i o n s  
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The very wors t  c a s e  i s  not  l i k e l y  t o  be encountered i n  f l i g h t .  

A s  a more reasonable  c a s e  c o n s i d e r  a n  element of  r a d i a t i o n  having  a n  

i n i t i a l  energy of 60 KV. The s c a t t e r e d  r a d i a t i o n  w i l l  have less  

energy,  of t h e  o r d e r  of 50 KV(24). 

phere  a t  an ambient a i r  d e n s i t y  o f  10  

Consider a h igh  n i t r o g e n  atmos- 

-6  3 
gm/cm . 

- For non-shock l a y e r  c o n d i t i o n s  ( I n c i d e n t  beam p a t h  = 61 c m ,  s c a t t e r e d  
beam path = 61 cm) 

I 
/I 0 = (exp -.187 x 10-6x61 1 (exp -.202 x 10-6x61 ) 

) 
- ~000011 - .000012 

= (exp 1 (exp 

- .000023 
= (exp ) = .999 + 

For shock l a y e r  c o n d i t i o n s  ( I n c i d e n t  beam p a t h  = 105 cm, s c a t t e r e d  
beam pa th  = 105 cm) 

) 
-.187 x 10-6x105 -.202 x 10-6x105 I 

/I 0 = (exp ) (exp 

1 - .000020 - ~ 0 0 0 0 2 1  
= (exp ) (exp 

- .000041 
= (exp ) = .999 + 

The d i f f e r e n c e  i n  a b s o r p t i o n  due t o  shock l a y e r  i s  a n e g l i g i b l e  

f r a c t i o n  of t h e  i n c i d e n t  i n t e n s i t y .  

I t  must be recognized t h a t  t h e  i n c i d e n t  X-ray beam w i l l  be a 

cont inuous spectrum of e n e r g i e s  as  w i l l  be  t h e  s c a t t e r e d  beam. A l s o ,  

t h e  s c a t t e r e d  beam w i l l  be only  a s m a l l  f r a c t i o n  of t h e  i n t e n s i t y  of 

t h e  i n c i d e n t  beam. However, t h e  s i m p l i f i e d  c a l c u l a t i o n s  a s  done h e r e  

show c l e a r l y  t h a t  t h e  l o s s  of  i n t e n s i t y  due t o  t h e  h i g h e r  d e n s i t y  of 

t h e  shock l a y e r  w i l l  no t  be s i g n i f i c a n t ,  
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Appendix D 

A DISCUSSIOY OF PULSED X-RAY TUBES 

I n  a comparison of pulsed and cont inuous  X-ray tubes  a s  a p p l i e d  

t o  Mar t ian  atmospheric  d e n s i t y  de te rmina t ion ,  i t  i s  a p p r o p r i a t e  a l s o  

t o  cons ide r  o t h e r  c o n s t r a i n t s  on the  measurement pe r iod .  Such f a c t o r s  

i nc lude :  (1) the  change i n  ambient d e n s i t y  du r ing  t h e  sampling pe r iod  , 
-1, ,. 

-L-L 

(2) t h e  s t a t i s t i c a l  accuracy of measurement of t h e  s c a t t e r e d  r ad ia t ion"" ,  
-1-d -1. ,, rC ,. 

and (3)  t he  d a t a  comnunications requirements  of t h e  measurements. 

For  example, cons ide r  a v e r t i c a l  descen t  r a t e  of  5000 f t  p e r  

second i n  an  atmosphere corresponding t o  the  20 mb model and a t  an  

-8 3 a l t i t u d e  where t h e  d e n s i t y  i s  10 gm/cm . For a con t inuous ly  o p e r a t i n g  

tube  (80 KV - 1 m a ) ,  a s c a t t e r e d  i n t e n s i t y  of 100 counts  p e r  second i s  

a n t i c i p a t e d .  During a one-second sampling pe r iod ,  t h e  d e n s i t y  change 

would be 20 %, bu t  s i n c e  t h e  d e n s i t y  p r o f i l e  i s  cons idered  a smooth 

func t ion ,  such a change should not i n t roduce  a l a r g e  degree of uncer-  

t a i n t y  i n  s e l e c t i n g  an average value.  On t h e  o t h e r  hand, i f  t h e  sampling 

p e r i o d  were 5 seconds,  t he  v e r t i c a l  t r a v e l  would be 25,000 f t  and t h e  

d e n s i t y  change over  100 %. 

f o r  t h i s  l onge r  de t e rmina t ion  would be more u n c e r t a i n  and d e t a i l s  of 

The s e l e c t i o n  of a meaningful average  va lue  

t h e  p r o f i l e  might be l o s t .  

r eco rd  100 coun t s ,  f o r  which the r e l a t i v e  probable  e r r o r  of  t h e  d e t e r -  

mina t ion  would be 10 % (assumed background/ to ta l  r a t i o  of 0 . 2 ) .  

The sampling pe r iod  of one second would 

-1. 

See F i g .  1, p .  5 and F i g .  2 ,  p .  9 .  
.7..*- ,. I. 

See Appendix E .  
J.J*J- ,. ,. ,. 

See d i s c u s s i o n  of output  in format ion ,  page 41. 
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I n c r e a s i n g  the  sampling t ime t o  5 seconds would dec rease  t h e  r e l a t i v e  

probable  e r r o r  t o  4 % but  would in t roduce  t h e  sample u n c e r t a i n t y  d i s -  

cussed  above. Using a sampling pe r iod  much s h o r t e r  t han  one second 

would r e s u l t  i n  a much g r e a t e r  s t a t i s t i c a l  e r r o r .  F i n a l l y ,  t h e  communi- 

c a t i o n s  r a t e  i s  an  impor tan t  f a c t o r .  A 20-bit o a t p u t  per  de t e rmina t ion  

i s  expected.  A t  one de t e rmina t ion  p e r  second the  b i t  r a t e  would be 

20 b i t s / s econd ,  a r a t e  which appears  c o n s i s t e n t  w i t h  Mar t ian  communi- 

c a t i o n s  and t h e  needs of o t h e r  devices  c a r r i e d  on t h e  v e h i c l e .  S h o r t e r  

sampling pe r iods ,  which imply g r e a t e r  sampling r a t e s ,  would i n c r e a s e  

t h e  b i t  r a t e  requi rements .  These can  be ques t ioned  because of  t h e  

l i m i t e d  value of a d d i t i o n a l  d a t a  p o i n t s .  

Pulsed X-ray tubes  have been developed t h a t  g ive  very  h i g h - i n t e n s i t y  

s h o r t - d u r a t i o n  p u l s e s .  One example i s  a g r i d - c o n t r o l l e d  pulsed  tube  

t h a t  opera tes  a t  80 k i l o v o l t s  w i t h  20 amperes tube c u r r e n t .  The r a d i -  

a t i o n  i s  emi t t ed  i n  10 nanosecond p u l s e s  w i t h  r e p e t i t i o n  ra tes  up t o  

35 kc poss ib l e ,  bu t  w i th  tube l i f e  of  on ly  seconds a t  t h a t  h igh  r a t e .  

Another technique i s  t h e  f i e l d  emiss ion  tube  which u t i l i z e s  a p o i n t  

d i scha rge  r a t h e r  t han  f i l amen t  emiss ion .  A t y p i c a l  tube would o p e r a t e  

a t  100 k i l o v o l t s  and 1500 amperes tube c u r r e n t  w i t h  100 nanosecond 

p u l s e s .  The t o t a l  tube l i f e  i s  e s t ima ted  a t  30,000 p u l s e s .  It can be 

pulsed  up t o  25 pu l ses  per  second b u t  r e q u i r e s  4 minutes of c o o l i n g  

a f t e r  4 seconds of ope ra t ion .  It could  o p e r a t e  a t  a reduced p u l s e  

r a t e  without  t he  c o o l i n g  pe r iod  and improvements i n  c o o l i n g  a re  

c u r r e n t l y  under i n v e s t i g a t i o n .  

Pulsed sources  have t h e  advantage of malting measurements p o s s i b l e  

i n  a very  s h o r t  t i m e  a t  h i g h e r  d e n s i t i e s .  They a l s o  r a i s e  the  e f f e c t i v e  
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r a t e  over background. For  example, i f  a pu l sed  tube  were made t o  

ope ra t e  a t  a c u r r e n t  100 t i m e s  t h a t  o f  a cont inuous  tube ,  t h e  s c a t t e r e d  

r a d i a t i o n  f l u x  should  a l s o  be 100 times as g r e a t .  The r a t i o  of t h e  

s i g n a l  t o  the  n a t u r a l  background should a l s o  i n c r e a s e  by t h e  same 

amount. Th i s  advantage i s  o f f s e t  b y ( 1 ) t h e  f a c t  t h a t  system background 

r a t e  due t o  leakage and spur ious  s ca t t e r  w i l l  a l s o  i n c r e a s e  propor- 

t i o n a l l y  and ( 2 )  s i n c e  the pu l se  i s  s h o r t ,  fewer t o t a l  counts  w i l l  be 

accumulated du r ing  t h e  measurement, dec reas ing  t h e  accuracy  of d e t e r -  

minat ion.  A s  an  example, t h e  output  of t h e  X-ray tube,  a t  comparable 

v o l t a g e s ,  can  be r a t e d  i n  terms of ma-sec and t h e  s c a t t e r e d  s i g n a l  w i l l  

be d i r e c t l y  p r o p o r t i o n a l  t o  t h i s .  A 1 m a  cont inuous  tube du r ing  a 

sampling pe r iod  of  1 second w i l l  have an  ou tpu t  of  1 ma-sec. The out -  

p u t  du r ing  a s i n g l e  p u l s e  of t h e  g r i d - c o n t r o l l e d  tube  desc r ibed  above 

i s  2 x 10 ma-sec. It would take 5000 pu l ses  t o  produce a q u a n t i t y  

of  r a d i a t i o n  e q u i v a l e n t  t o  t h e  cont inuous tube .  I n  t h e  f i e l d  emiss ion  

tube  desc r ibed ,  t h e  output  p e r  pu l se  i s  0 .15  ma-sec. Seven p u l s e s  

would be r e q u i r e d  f o r  t h e  1 ma cont inuous e q u i v a l e n t .  While adequate  

coun t s  might r e s u l t  from pulsed  techniques  i n  r eg ions  of g r e a t e r  d e n s i t y ,  

t h e  cont inuous method would appear more f avorab le  i n  reg ions  o f  lesser  

d e n s i t y  . 

-4  

Some pulsed  techniques  are not  e f f i c i e n t  i n  t h e  use  of i n p u t  

power. For  example, t h e  f i e l d  emission tube  u t i l i z e s  a surge  g e n e r a t o r  

t o  provide  t h e  h igh  v o l t a g e  pulse .  I n  ope ra t ion ,  one h a l f  of t he  

a p p l i e d  energy i n  the  p u l s e  i s  l o s t  i n  a r e s i s t o r  network o u t s i d e  t h e  

tube  and does not  gene ra t e  u s e f u l  X-rays.  Furthermore,  s i n c e  t h e  

method depends upon p o i n t  d i scharge  and f i e l d  breakdown, c o n s i s t e n t  

o J t p u t  from pu l se  t o  pu l se  i s  not a s su red .  
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Appendix E 

THE STATISTIC& NATURE OF RADIATION INTENSITIES - 

The emission and d e t e c t i o n  of r a d i a t i o n  i s  by n a t u r e  a random 

process .  The p r a c t i c a l  a p p l i c a t i o n  of r a d i a t i o n  d e n s i t y  gauging w i l l  

c o n s i s t  of making a ser ies  of  s i n g l e  measurements of pu l se  e f f e c t s .  

The count ing  techniques  have been desc r ibed  i n  t h e  l i t e r a t u r e .  

The common f a c t o r  of e v a l u a t i o n  i s  the  R e l a t i v e  Probable  Er ro r .  Th i s  

i s  expressed a s  P .  E .  = .6745a, i n  which (s is t h e  s t anda rd  d e v i a t i o n .  

The r e s u l t i n g  u s e f u l  expres s ion  i s  P,E. = - 6745 , i n  which n i s  t h e  

number o f  pu l ses  observed. I f  de te rmina t ions  are  made f o r  t he  same 

pe r iod  of t ime, t h e  accuracy  w i l l  be a f u n c t i o n  of  t h e  squa re  r o o t  o f  

t h e  pu l se  r a t e .  

(25- 26) 

fi 

The r e l a t i v e  probable  e r r o r  cor responds  t o  50 pe r  c e n t  conf idence  

l i m i t s ;  t h a t  i s ,  a r e l a t i v e  probable  e r r o r  of 1 p e r  c e n t  i n d i c a t e s  t h a t  

i n  one-half  of t h e  de t e rmina t ions  made, t h e  va lue  w i l l  be  w i t h i n  1 p e r  

c e n t  of  the mean value.  

Background 

The s c a t t e r e d  r a d i a t i o n  s i g n a l  w i l l  normally be superimposed on a 

background l e v e l  due t o  t h e  e f f e c t s  mentioned above. To determine t h e  

n e t  s i g n a l ,  i t  i s  d e s i r a b l e  t o  measure t h e  background independent ly ;  

f o r  example, wi th  a second d e t e c t o r  p o s i t i o n e d  s o  as t o  not  r eco rd  

t h e  s c a t t e r e d  r a d i a t i o n .  The de te rmina t ion  of both  s i g n a l  and back- 

ground i s  sub jec t  t o  e r r o r ,  and the  s t a n d a r d  d e v i a t i o n  of t h e  d i f f e r e n c e  

o r  n e t  count due t o  s c a t t e r i n g  w i l l  be equa l  t o  t h e  squa re  r o o t  of 

t h e  sum of  t h e  squares  o f  t h e  s t anda rd  d e v i a t i o n s  of t h e  two d e t e r -  

mina t ions  according t o  e s t a b l i s h e d  s t a t i s t i c a l  procedure.  
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The t o t a l  count  i s  a f u n c t i o n  of t h e  c o u n t i n g  r a t e  m u l t i p l i e d  by 

t h e  t i m e  of count .  For  t h e  ins t rumenta t ion  involved,  w e  w i l l  c o n s i d e r  

t h a t  t h e  t o t a l  e f f e c t  and background a r e  counted f o r  t h e  same p e r i o d  

of time. The r e l a t i v e  probable  e r r o r  as a percentage  of t h e  count  

due t o  s c a t t e r i n g  w i l l  be  

i n  which 

N t  = number of counts f o r  t o t a l  count  r a t e  

N,, = number of counts f o r  background count  r a t e  

S i n c e  t h e  accuracy  i s  r e l a t e d  t o  the t o t a l  count ,  i t  w i l l  be necessary  

t h a t  count ing  ra tes  be h igh  i f  de te rmina t ions  are  t o  be made over  

s h o r t  t i m e  i n t e r v a l s .  Furthermore,  h igh  e f f e c t i v e  r a t e s  w i l l  tend t o  

i n c r e a s e  t h e  r a t i o  of  s i g n a l  t o  background and w i l l  decrease  t h e  

e r r o r  due t o  t h e  presence o f  background. 

F igure  9 s o l v e s  t h e  probable  e r r o r  e q u a t i o n  g r a p h i c a l l y  and 

i l l u s t r a t e s  t h e  e f f e c t  o f  high count ing ra te  i n  decreas ing  e r r o r .  I f  

one second i s  used as a measurement t i m e ,  t h e n  t h e  t o t a l  count  can  

a l s o  be r e a d  a s  counts  p e r  second. I f ,  f o r  example, a r e l a t i v e  probable  

e r r o r  no g r e a t e r  t h a n  1 p e r  c e n t  i s  d e s i r a b l e ,  count ing  r a t e s  m u s t  be 

over  4000 counts  p e r  second and the requi rements  i n c r e a s e  beyond t h i s  

v a l u e  a s  t h e  background r a t i o  increases .  
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Fig.9-Probable er ror  as a funct ion of total count and background 
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Appendix F 

SCATTERING FLJNCT I ONS 

The fo l lowing  graphs are taken from Na t iona l  Bureau of S tandards  

C i r c u l a r  11542 (24)  and show the r e l a t i o n  of energy  and i n t e n s i t y  of  

s c a t t e r  as func t ions  of t h e  energy o f  t h e  pr imary r a d i a t i o n  and t h e  

s c a t t e r i n g  angle .  

F igu re  10 - S c a t t e r e d  Photon Energy ve r sus  Angle i n  Range 
of  .01 t o  500 MEV I n i t i a l  Photon Energy 

F igure  11 - S c a t t e r e d  Photon Energy ve r sus  Angle i n  Range 
of  50 t o  500 K E V  I n i t i a l  Photon Energy 

Figure  1 2  - S c a t t e r e d  PhotonEnergy  ve r sus  Angle i n  Range 
of 10  t o  50 KEV I n i t i a l  Photon Energy 

F igure  13 - D i f f e r e n t i a l  Klein-Nishina Cross S e c t i o n  per  
E l e c t r o n  versus  Angle i n  Range of .01 t o  500 
MEV I n i t i a l  Photon Energy 

F igure  14 - D i f f e r e n t i a l  Klein-Nishina Cross S e c t i o n  pe r  
E l e c t r o n  ve r sus  Angle i n  Range of  10 t o  600 KEV 
I n i t i a l  Photon Energy. 

The Compton s c a t t e r i n g  by f r e e  e l e c t r o n s  i s  desc r ibed  t o  a very  good 

approximation by t h e  Klein-Nishina formula.  Experiment and theory  

have been found t o  ag ree  w i t h i n  an exper imenta l  e r r o r  of 1%. 
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Fig. 10-Scattered photon energy versus angle in  range 
of 0.01 to 500 MEV initial photon enerqv 
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Fig. ll-Scattered photon energy versus angle in range 
of 50 to 500 KEV initial photon energy 



-70- 

80 

60 

40 

30 

20 
> 
e, 
Y . 
x 
e, 
S 
e, 

F 

4 

3 

2 

I 
0 20 40 60 80 100 120 140 160 180 

Angle of scattered photon, e (deg) 

Fig. 12-Scattered photon energy versus angle in  range 
of 10 to 50 KEV initial photon energy 
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Fig. 13- Differential Klein-Nishina cross section per electron versus 
angle in range of 0.01 to 500 MEV initial photon energy 
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